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ABSTRACT
The use o f  mass spectrometry for the characterization o f nucleic acids is 
presented in this work. One area of research was aimed  at developing a method for the 
characterization o f pseudouridine (¥ ) containing samples derivatized with N- 
cyclohexyl-//’-P-(4-methylmorpholinium)methylcarbodiimide (CMC). These 
experiments consisted of the derivatization of a tRNA molecule with CMC followed by 
analysis o f the sample using polyacrylamide gel electrophoresis and mass spectrometry. 
Mass spectrometric analysis of the sample revealed that the derivatization of the sample 
was occurring to generate a species with one CMC group. This data is significant 
because it demonstrates that the comparably small mass shift caused by the presence o f 
the CMC group can be distinguished in an intact nucleic acid sample which has been 
exposed to high salt conditions that typically degrade mass spectrometric data. Another 
area o f research demonstrates the first example of mass spectrometry to determine the 
specificity of RNase H cleavage reactions of oligonucleotides. In this case, an 
oligoribonucleotide hairpin was subjected to RNase H cleavage using chimeric 
oligonucleotides, and the resulting samples were analyzed by mass spectrometry. The 
experimentally determined mass-to-charge (m/z) values were compared to those 
predicted to determine that selective cleavage did indeed occur using the reaction 
conditions described. Finally, the reaction and purification conditions required to 
isolate a region o f Escherichia coli 16S rRNA for subsequent characterization using 
mass spectrometry are presented. It was found that the isolation o f a large region (534- 
mer) was more efficient than the isolation of a smaller region (39-mer) due to the 
difficulties involved in separating such a small sample from the comparably larger
xi
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fragments which also result during RNase H cleavage. In addition, the mass 
spectrometric characterization of the RNase T1 digests of the isolated region to 
determine if  the correct region is being isolated, as well as to determine the specificity 
o f the reaction, is presented. Although it appears that non-specific cleavage is 
occurring, a large number o f the expected m/z values for the fragments o f the desired 
region are observed, indicating that this region may be present in the isolated product.
xii
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CHAPTER 1. CURRENT METHODS FOR THE 
DETERMINATION OF POSTTRANSCRIPTIONAL 
MODIFICATIONS IN RIBOSOMAL RNA, AND PROPOSED 
METHOD FOR INDIRECT MASS SPECTROMETRIC 
SEQUENCING OF SELECTED REGIONS OF RIBOSOMAL RNA
1.1 Significance
The work described here consists of experiments in a research project aimed at 
developing a mass spectrometry based-technique to screen selected regions of 
ribosomal ribonucleic acid (rRNA) for the presence of pseudouridine OP) residues. 
Pseudouridine is one of a number of posttranscriptional modifications which are present 
in rRNA (Woese, Gutell et al., 1983; Noller, 1984). Although *P is believed to be the 
single most abundant modification in rRNA (Ofengand and Bakin, 1997), its 
characterization is a challenge because it is an isomer of uridine. While there are a 
number of techniques which may be used to identify posttranscriptional modifications 
(Fellner and Sanger, 1968; Branlant, Sri Wada et al., 1975; Branlant and Ebel, 1977; 
Hagenbiilche, Santer et al., 1978; Sri Wadada, Branlant et al., 1979; Youvan and 
Hearst, 1979; Qu, Michot et a l, 1983; Lane, Pace et al., 1985; Bakin and Ofengand, 
1993; Bakin, Kowalak et al., 1994), most of these techniques fall short when it comes to 
'P identification due to their ambiguous results, as well as the need for standards.
One technique developed here employs specific enzymatic cleavage to isolate 
selected regions of rRNA. The second technique presented here allows the mass 
spectrometric identification o f'P  residues by mass shifts after chemical derivatization. 
Before the protocols are described, the importance of posttranscriptional modifications 
in rRNA, an overview of mass spectrometric techniques for sequencing nucleic acids,
1
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and a review of current protocols for the determination of *F residues in rRNA will be 
presented.
1.2 Posttranscriptional modifications in rRNA
The ribosome is the protein synthesizing facility of the cell. Each ribosome is 
composed of a large subunit (LSU) and a small subunit (SSU). In turn, each subunit is 
composed of a number of ribosomal proteins, as well as rRNA. Over 50% of the 
ribosome contents is comprised of rRNA (Noller, 1984).
A number of potential functions have been proposed for rRNA in protein 
synthesis. Among these functions are mRNA recruitment (Noller, 1984; Noller, 1991), 
tRNA binding (Noller, 1991; Noller, Green etal., 1995), and peptidyl transferase 
(Noller, 1991; Noller, 1993; Noller, Green etal., 1995). The assignment of peptidyl 
transferase activity to rRNA is of particular importance. Peptidyl transferase is the 
enzymatic activity which catalyzes peptide bond formation in proteins on the ribosome 
(Noller, 1993). This activity would indicate that rRNA is directly involved in protein 
synthesis in the ribosome. In fact, mixtures of ribosomal proteins lacking rRNA have 
never been shown to carry out the peptidyl transferase function (Noller, 1993).
To determine the exact role of rRNA in the ribosome, the structure of this 
molecule must first be elucidated. The first step in this process is sequence 
determination. rRNA is composed of four major nucleosides— adenosine (A), 
guanosine (G), cytidine (C), and uridine (U) (Figure 1.1). In addition, these four 
nucleosides may contain posttranscriptional modifications, the most common of which 
involve base or sugar methylations and the isomerization of U to pseudouridine OP) 
(Figure 1.2). Less than 1% of the nucleosides in rRNA are modified. These
2















Figure 1.1 Structures o f the ribonucleosides: (a) uridine; (b) cytidine; (c) 
adenosine; (d) guanosine.
3
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Figure 1J2 Structures of the modified ribonucleosides: (a) pseudouridine; 
(b) 7-methylguanosine.
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modifications, however, tend to occur in regions that are highly conserved along the 
evolutionary line (Woese, Gutell etal., 1983; Noller, 1984). This conservation 
indicates that the presence of these modifications at specific sequence locations are 
necessary for proper ribosome function.
To develop the protocol described in this work, the 16S rRNA (SSU rRNA) of 
Escherichia coli was chosen as a model (Figure 1.3). The 16S rRNA of E. coli is the 
only rRNA molecule for which the entire RNA sequence, including sites of 
posttranscriptional modification, has been determined. The region that will be 
characterized in this work is referred to as the 530 loop (Figure 1.4). The 530 loop is 
one of the most highly conserved regions of rRNA (Woese, Gutell et al., 1983). In 
addition, the 530 loop of E. coli 16S rRNA is known to contain two modified 
nucleosides, 7-methylguanosine (m?G) and 'F (Figure 1.2).
m7G and tend to occur in clusters in functionally important regions of rRNA. 
In E. coli 23S rRNA (LSU rRNA), both modifications have been placed in what is 
considered to be the peptidyl transferase center (PTC) (Lane, Ofengand et al., 1992; 
Bakin, Lane etal., 1994; Lane, Ofengand etal., 1995; Ofengand and Bakin, 1997). The 
roles that have been assigned to these two modifications can be divided into structural 
and functional categories.
The structural roles involve primarily the stabilization of the RNA molecule. 
Methylation, for example, may stabilize rRNA secondary structure by increasing 
hydrophobic interaction surfaces (Smith and Steitz, 1997). Isomerization of U into 
generates an additional hydrogen bond at the N-l position of the base which may be 
involved in rRNA folding (Ofengand, Bakin et al., 1995; Ofengand and Bakin, 1997;
5
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Figure 1.4 Structure o f the 530 loop o f E. coli 16S rRNA. Numbers refer to 
sequence location within 16S rRNA.
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Smith and Steitz, 1997). *P tends to occur near the ends of helical regions, and it has 
been proposed that the extra hydrogen bond stabilizes loop closure (Ofengand, Bakin et 
a l,  1995; Ofengand and Bakin, 1997).
Functionally, these two modifications may be involved directly in peptide bond 
formation in the PTC in LSU rRNA. The presence of both modifications concurrently 
generates hydrophobic and hydrophilic groups that may be involved in RNA-protein 
interactions (Bakin, Lane et al., 1994; Lane, Ofengand et al., 1995; Ofengand, Bakin et 
al., 1995; Ofengand and Bakin, 1997; Smith and Steitz, 1997). In addition, the proton 
at the N-l position of 'P has the ability to accept an acetyl group. Therefore, *P may 
function by accepting the carboxyl end of the growing peptide chain (Lane, Ofengand et 
al., 1995; Ofengand, Bakin et al., 1995; Ofengand and Bakin, 1997). It has also been 
postulated that the greater rotational freedom of the carbon-carbon glycosyl bond in 'P 
compared to the nitrogen-carbon glycosyl bond in U may allow 'P to act as a 
conformational switch (Lane, Ofengand et al., 1995). This last characteristic may very 
well be the function of *P in the 530 loop. It is known that several of the ribosomal 
proteins bind to the 530 loop during translation and induce a conformational effect in 
the loop which converts it to its active form (Noller, 1991). This conformational change 
is believed to be the formation of a “pseudoknot” resulting from hydrogen bonding 
across the 530 loop between *P516-C519 and G529-A532 (Van Ryk and Dahlberg, 
1995).
13 Current methods for the determination of pseudouridine in ribosomal RNA
As can be seen from the discussion above, modifications in rRNA have 
potentially important functions in ribosome activity. Methylated residues can be easily
8
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identified in RNA fingerprints by the use of a specific radioactive label (methyl 
methionine) (Maden and Salim, 1974; Maden and Khan, 1977). In addition, T-O - 
methyl (2’-(9-Me) nucleosides can be localized because their presence renders the 3’- 
phosphodiester bond resistant to hydrolysis (Maden and Salim, 1974; Maden and Khan, 
1977). The presence of *P can be detected only by characteristic migration rates or 
chromatographic mobilities using classical methods (Fellner and Sanger, 1968; 
Branlant, Sri Wada et al., 1975; Branlant and Ebel, 1977; Sri Wadada, Branlant et al., 
1979), or by analysis of complementary deoxyribonucleic acid (cDNA) generated by 
reverse transcriptase (Hagenbulche, Santer et al., 1978; Youvan and Hearst, 1979; Qu, 
Michot et al., 1983; Lane, Pace et al., 1985; Bakin and Ofengand, 1993). Unlike the 
protocol developed in this work, these methods all have a certain degree of ambiguity 
associated with the exact localization of 'P in the nucleic acid sequence.
There are three primary methods which have been employed for the sequence 
localization of'P  in rRNA. These techniques are RNA fingerprinting, reverse 
transcriptase (RTase) sequencing, and liquid chromatography/mass spectrometric 
analysis (LC/MS). Because E. coli has been the “model” used for the development of 
these techniques for the identification of posttranscriptional modifications, specific 
examples of the use of these methods will be limited to E. coli.
RNA fingerprinting was developed in 1965 by Sanger, et. al. (Sanger, Brownlee 
et al., 1965). In this technique, the RNA molecule to be analyzed is digested into 
smaller oligonucleotide fragments by specific endonucleolytic cleavage using either 
ribonuclease Ti (RNase T l) which cleaves at the 3’-side of G residues, or pancreatic 
ribonuclease (RNase A) which cleaves at the 3’-side of pyrimidine residues. The
9
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resulting oligonucleotides are then fractionated using two-dimensional electrophoresis. 
The first dimension analysis is typically carried out on cellulose acetate strips and 
results in the separation of the oligonucleotides based on their charge. The second 
dimension analysis is carried out on diethylaminoethyl (DEAE) paper and results in 
separation of the oligonucleotides based on their size. This two dimensional separation 
provides the fingerprint of the RNA molecule to be analyzed. At this point in the 
procedure, one of two sequencing pathways may be taken: (1) determine the sequence 
of the individual oligonucleotides using 3’-exonuclease digestion, or (2) carry out a 
second endonuclease cleavage of the products and obtain a secondary fingerprint. The 
second approach is particularly useful when dealing with larger RNA molecules. After 
the second fingerprint is obtained, 3’-sequencing is carried out. The individual 
oligonucleotides from the primary and/or secondary fingerprints are digested using a 3’- 
exonuclease to produce a ladder of oligonucleotide products which are then either 
electrophoretically or chromatographically separated. Comparison of the difference in 
mobilities or retention times of each fragment to established values is then used to 
determine the sequence. This approach was used by Fellner and Sanger, Branlant, et. 
al., and Sri Wadada, et. al. to determine the location of three of the eight 'P in E. coli 
23S rRNA (Fellner and Sanger, 1968; Branlant, Sri Wada et al., 1975; Branlant and 
Ebel, 1977; Sri Wadada, Branlant et al., 1979).
Although this technique provided a breakthrough in RNA sequencing, it is not 
without certain limitations. Perhaps the greatest difficulty with this technique is the 
incredibly large number of fragments generated during the first endonucleolytic 
cleavage, particularly for 16S and 23S rRNA. Secondly, the method relies on the
10
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comparison of migration rates with known standards. This requirement is a potential 
problem if there is an “unknown” modification in the sequence. In such a case, only the 
location of the unknown modification, but not its identity, could be determined by this 
method.
A second technique for the sequence localization of 'F in rRNA is sequencing of 
complementary DNA (cDtfA) generated using RTase. In this method a restriction 
fragment complementary to a region near the area to be analyzed is used to initialize 
reverse transcription. The resulting cDNA can be sequenced using traditional 
approaches such as Maxam-Gilbert sequencing, or dideoxynucleotide sequencing. 
Methylated nucleosides are determined by a stop in the reverse transcription process 
(Hagenbulche, Santer eta l., 1978; Youvan and Hearst, 1979; Qu, Michot etal., 1983; 
Lane, Pace etal., 1985). This method, however, cannot determine anything more than 
the potential sites of posttranscriptional modification. In addition, *P does not result in a 
stop and cannot therefore be detected directly.
This last limitation in the RTase protocol was overcome by the introduction of a 
chemical modification step (Bakin and Ofengand, 1993). This method involves the use 
of two complementary techniques. The first technique involves the chemical 
derivatization of uridine and U-like residues with iV-cycIohexyl-N’-P-(4- 
methylmorpholinium)ethyl-carbodiimide (CMC) followed by alkaline hydrolysis of the 
CMC groups. The CMC group at the N-3 of is resistant to hydrolysis, however, and 
allows 'P  to be detected as a stop during reverse transcription. The second technique 
involves hydrazonolysis of uridine and U-Iike nucleosides. Upon exposure to 
hydrazine, all U-like bases, except *P and m5U, will undergo pyrimidine ring opening,
11
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thereby losing the ability to base pair. Thus, a stop in reverse transcription will occur
for all the U-like bases except *F and m5̂  Therefore, localization of 'F  residues can be
determined by comparison of the RTase-generated fragments from each technique. The
primary problem with this technique is that a stop during reverse transcription does not
always occur precisely at the location of the modification or a CMC-derivatized 'P. For
example, stalling (in which reverse transcription stops before the point of modification)
and stuttering (in which reverse transcription stops after the point of modification) can
result in bands appearing before and after the modification site, respectively. Sequence
localization of modifications using this technique can therefore be ambiguous. It is,
however, one of the most effecient techniques available to date and has been used to
map 'F in a number of rRNA’s (Bakin, Kowalak et al., 1994; Bakin and Ofengand,
1995; Ofengand, Bakin et al., 1995; Ofengand and Bakin, 1997).
1.4 Mass spectrometric techniques for the analysis of nucleic acids and the 
determination of posttranscriptional modifications
In the late 1980’s, the development o f two ionization techniques, electrospray 
ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI), opened the 
door for the analysis of biomolecules by mass spectrometry (Crain, 1996; Nordhoff, 
1996; Nordhoff, Kirpekar et al., 1996). Although the analysis of nucleic acids by mass 
spectrometry has lagged behind that of proteins, mass spectrometry has proven to be a 
simple and efficient tool for the sequence determination of nucleic acids.
The molecular mass measurement of nucleic acids can provide some 
information as to the base composition of the molecule by comparision of the 
experimentally measured m/z to the predicted values. Typically, analyses of intact 
nucleic acids are carried out using ESI, which shifts the m/z range to lower values where
12
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the resolution for most mass analyzers is higher. The best results have been obtained 
using high resolution analyzers, such as Fourier transform ion cyclotron resonance mass 
spectrometers (Chen, Thompson etal., 1996; Cheng, Camp etal., 1996; Muddiman, 
Wunschel et al., 1996; Muddiman, Anderson et al., 1997). Lower resolution analyzers, 
such as quadrupole mass analyzers, have been used for the analysis of molecules such 
as tRNA (Limbach, Crain et al., 1995). However, the routine analysis of intact nucleic 
acids is difficult, due to the difficulties involved in their purification. In the gas phase, 
sequestering of cation adducts helps to relieve the Coulombic strain caused by the 
highly negatively charged backbone of nucleic acids. These cation adducts, however, 
result in peak broadening, as well as decreased sensitivity. A significant amount of 
research has been aimed at purifying nucleic acid samples prior to analysis to reduce 
cation adduct effects. Among the techniques that have been used are ammonium salt 
formation (Stults and Marsters, 1991; Limbach, Crain et al., 1995), addition of co­
matrices and additives (Grieg, Klopchin etal., 1995; Limbach, Crain etal., 1995; 
Simmons and Limbach, 1997; Simmons and Limbach, 1998), as well as HPLC and 
microdialysis purification (Emmet and Caprioli, 1994; Little, Chorush et al., 1994; 
Sinha, Michaud et al., 1994; Liu, Wu et al., 1996).
Even though the analysis of intact nucleic acids is difficult, the analysis of their 
component oligonucleotides by mass spectrometry can be accomplished through either 
direct or indirect methods. Direct sequencing involves the use of tandem mass 
spectrometry, but the spectra generated by this method can be difficult to interpret, 
especially for large oligonucleotides (McLuckey, Van Berkel et al., 1992; McLuckey 
and Habibi-Goudarzi, 1993; Little, Chorush etal., 1994; Barry, Vouros etal., 1995;
13
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Habibi-Goudarzi and McLuckey, 1995; Little, Thannhauser et al., 1995; Ni, Pomerantz 
e ta l , 1996).
Perhaps the most common technique for the analysis of nucleic acids using mass 
spectrometry is indirect sequencing using enzyme digestions (Kowalak, Pomerantz et 
a l , 1993; Bakin, Kowalak e ta l , 1994; Limbach, 1996; Hahner, Ludemann et a l,
1997). The analysis of nucleic acids using indirect enzymatic sequencing can be carried 
out by either exonuclease or endonuclease digestion. The former can be used to 
determine the sequence of oligonucleotides by the generation of a mass ladder. Partial 
digestion of an oligonucleotide using a 5 - or a 3’-exonuclease followed by mass 
spectrometric analysis will yield a spectrum consisting of a mass ladder of peaks. Each 
peak will separated by the mass of the nucleotide lost during each digestion step. 
Because there are four major nucleotides, each with a unique mass, the sequence of the 
nucleic acid can be determined by determining the difference in mass between each 
peak (Pieles, Zurcher et a l,  1993; Smimov, Roskey et a l,  1996). Table 1.1 lists the 
change in mass expected for each of the ribonucleotides. The presence of modifications 
is noted by anomalous mass shifts corresponding to the modification (e.g., a 
methylation would result in a mass shift of 14 u).
In addition to the analysis o f exonuclease digestion products, mass spectrometry 
can also be used to analyze endonuclease digestion products (Kowalak, Pomerantz et 
al., 1993; Bakin, Kowalak et al., 1994; Hahner, Ludemann et a l ,  1997; Polo and 
Limbach, 1998). MALDI-MS analysis of base specific endonuclease digests can 
generate a fingerprint much like that obtained using the classical fingerprint technique 
described earlier in Section 1.3. As with the traditional fingerprinting technique, each
14
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product can then be isolated using chromatography and further analyzed using 
exonuclease digestion. The advantage of this technique over the classical fingerprinting 
technique is that unknown nucleosides are more easily identified because there is no 
need to compare to a standard, as it can be identified by its mass (Hahner, Ludemann et 
al., 1997).









Perhaps the most significant advance in the determination of posttranscriptional 
modifications by mass spectrometry was accomplished by McCloskey and co-workers 
(Bakin, Kowalak etal., 1994; Kowalak, 1994). This group has developed a mass 
spectrometry-based technique for the determination of posttranscriptional modifications 
in rRNA. Their procedure is outlined in Scheme 1.1. The purified RNA sample is 
divided in two. One of the samples is digested with nuclease P I and alkaline 
phosphatase to generate nucleosides. Liquid chromatography/mass spectrometry
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determination of nucleotide 
sequence and 
modification sites
Scheme 1.1. Endonuclease-based mass spectrometric sequencing protocol for 
RNA (Bakin, Kowalak et al., 1994; Kowalak, 1994).
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(LC/MS) is then used to characterize the nucleosides present, as well as to determine if 
any modifications are present (evidenced by a difference in mass and chromatographic 
retention time from the “naturally” occurring nucleosides) (step la). 'P  has a 
characteristic chromatographic retention. In addition, as opposed to U, 'F  is resistant to 
loss of the nucleoside base during MS analysis, and can be distinguished from U by this 
characteristic. The other RNA sample is subjected to RNase T1 digestion to generate 
oligonucleotide fragments terminating in a 3’-Gp (step lb ). The resulting 
oligonucleotides are then separated based on their chain length using DEAE-high 
performance liquid chromatography (DEAE-HPLQ (step 2b). Each o f the collected 
fractions (which typically contain more than one oligonucleotide) is then separated into 
two batches. One set is subjected to nuclease PI and alkaline phosphatase digestion as 
in step l a  and the nucleosides and modified nucleosides present in each fraction are 
determined (step 3a). Each oligonucleotide fraction in the second set is analyzed using 
ESI-MS (step 3b). The accurate mass measurement obtained is then compared to the 
predicted masses from the known gene sequence (4b).
Using the outlined method, the presence, but not the location of 'P  can be 
determined. Modification of the procedure, however, allowed this group to localize the 
single *P in E. coli 16S rRNA (Bakin, Kowalak et al., 1994). Rather than generating a 
number of RNase T1 fragments, conserved regions of the RNA molecule were targeted 
with oligodeoxynucleotide probes and cleaved using Ribonuclease H (RNase H) which 
cleaves the RNA molecule wherever a oligodeoxynucleotide is hybridized to the RNA 
(Donis-Keller, 1979). Analysis of the nucleosides generated by enzymatic hydrolysis of 
each of the resulting oligoribonucleotides narrowed the position of the *F to the region
17
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between nucleosides 297 and 529. Analysis of previous RNase T1 digests indicated 
that the *P was located between two G residues, thereby isolating the position of the *P 
to one of three sites (Kowalak, Pomerantz et al., 1993). The exact position was then 
determined by RTase analysis as described earlier in Section 1.3.
Although the technique provides an added level of certainty to the sequence 
assignment of 'P, there still exist some limitations which may inhibit accurate sequence 
assignment. First, the RNase H cleavage procedure does not result in specific cleavage, 
i.e., cleavage along more than one site in the hybridized region occurs generating more 
fragments than expected. In addition, the oligodeoxynucleotides employed have 
secondary hybridization sites on the nucleic acid such that 1 0 -2 0 % of the fragments 
generated did not correspond to the desired regions. Lastly, if the location of *P can be 
narrowed down only to a pentamer or larger fragment using the RNase T1 procedure, 
then the ambiguities resulting from the RTase procedure described above become 
significant.
1.5 Protocol for the determination of pseudouridine in selected regions of rRNA 
using mass spectrometry
To identify 'P in selected regions of rRNA, a number of methodologies must 
first be developed. The aim of this work is to determine the reaction and purification 
conditions required for determination of VP, as well as for selective cleavage of 16S 
rRNA. Because modifications occur primarily in conserved regions, rather than 
sequence the entire rRNA structure, it is desirable to isolate and sequence only a small 
selected region. To accomplish this, ribonuclease H (RNase H) will be used. As 
mentioned earlier, one of the drawbacks in the procedure for identifying *P developed 
by McCloskey’s group was the lack of specificity of RNase H cleavage. It has recently
18
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been shown that the use of chimeric oligonucleotides containing tetramers of 
deoxynucleotides flanked on either side by 2 ’-0 -methyl ribonucleotides can direct the 
enzyme to cleave at only one point along the RNA chain (Inoue, Hayase et al., 1987). 
Therefore, cleavage using this method is highly specific. In addition, the use of a 10- 
mer oligonucleotide practically eliminates the possibility of secondary hybridization 
sites.
The protocol that will be employed is outlined in Scheme 1.2. After isolation 
and purification, the 16S rRNA is allowed to hybridize with either two chimeric 
oligonucleotides to generate a small oligonucleotide containing the 530 loop, or with 
one chimera to generate a larger RNA fragment containing the 530 loop (1). After 
hybridization, the rRNArchimera complex is subjected to RNase H cleavage (2). The 
resulting digestion mixture will contain RNA fragments resulting from RNase H 
cleavage of the RNA strand, as well as the chimeras. The product containing the 530 
loop is then isolated using reverse-phase high performance liquid chromatography (RP- 
HPLC) or gel electrophoresis (3).
The isolated product is then divided in two. The first portion will be used to 
ascertain that the correct region has been isolated as follows. For the smaller fragment 
generated by cleavage using two chimeras, MALDI-MS or ESI-MS analysis may be 
carried out directly on the sample to verify the expected mass (4a). Further verification 
of the sequence is accomplished by analysis of Ribonuclease T1 (RNase T l) fragments. 
RNase T l digestion will generate oligonucleotides terminating in 3’-Gp (5). These 
oligonucleotides are separated according to their hydrophobicity using RP-HPLC (6 ), 
and each oligonucleotide is analyzed by MALDI-MS or ESI-MS (7b). The mass value
19
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2 X  RNase H digestion
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4c ^Hydrolysis
Oligonucleotides containing CMC-'P 
Verification of expected mass 4d ^  MALDI-MS or ESI-MS
Verification o f expected mass
I------------------------------- ------------------------------------ 1
5 y  RNase T, digestion 
Oligonucleotides terminating in 3’-Gp
RP-HPLC
Oligonucleotides fraijtionated according to chain length 
*  ^  MALDI-MS .Mlysis
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Scheme 1 .2  Proposed scheme for the determination of modified nucleosides 
in selected regions of rRNA.
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obtained for each oligonucleotide is then compared to the values calculated for the 
expected RNase T l products for the region to be excised.
Each oligonucleotide is subjected to exonuclease digestion followed by 
MALDI-MS analysis (7a) (Smirnov, Roskey et al., 1996). Sequence identification is 
made by analysis of the mass ladder generated in each spectrum. Each spectrum of an 
exonuclease digestion will be comprised of a number of peaks, each consecutive peak 
differing by the mass o f the nucleotide lost during each digestion step. Thus, by 
determining the difference in mass between each peak, one can determine the sequence 
of the oligonucleotide. Because the value used to determine the sequence of the sample 
is a  difference in m/z, instruments with lower mass accuracies, such as a TOF 
instrument, can be used. Table 1.1 is a list of the change in mass values for each of the 
ribonucleotides, as well as that of m7G. It should be noted that the value listed in Table
1.1 for m7G corresponds to the intact nucleotide. The presence of a positive charge on 
the guanine base of this nucleoside (Figure 1.2) may cause fragmentation of the base 
due to cleavage at the glycosidic bond. Although this fragmentation has been reported 
in LC/MS analysis of m7G (Pomerantz and McCloskey, 1990), it is not clear whether 
base loss would be observed when using MALDI-MS. In such a case, m7G would not 
be detected by a shift in m/z corresponding to the addition of the methyl group, but 
rather as a shift in m/z corresponding to base loss (194.08 u).
As 'P  is a “mass silent” modification because it is an isomer of U, its presence 
cannot be determined directly from the exonuclease digests. The second portion of the 
isolated region is treated with CMC (4b). Upon reaction with CMC, any G, U, and 
residues present will become derivatized. When exposed to highly alkaline conditions,
21
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however, CMC-G and CMC-U will be hydrolyzed to their native forms, while CMC- 
will remain derivatized (5) (Ho and Gilham, 1971). The derivatized oligonucleotide 
can then be analyzed using the same procedure employed in steps 5-7, and the presence 
of can be determined by the mass shift caused by the CMC group which will increase 
the mass of the oligonucleotide or nucleotide in the case of exonuclease digestion by 
253 u.
This work is divided into three sections. The first section describes the 
development of the CMC-derivatization o f 'P  for mass spectrometric detection. To 
determine the conditions for CMC derivatization of an RNA molecule, tRNAVaM, 
which contains one *P residue, was chosen as a model. In this section, the conditions 
required to derivatize the sample, as well as the subsequent purification and de-salting 
steps required for mass spectrometric analysis will be presented.
The second section describes the protocol for the selective cleavage of a model 
oligoribonucleotide. This section presents the first use of mass spectrometry to 
determine the specificity of RNase H cleavage of an oligonucleotide. The purpose of 
this section of the work was to determine the specificity of RNase H cleavage using 
oligonucleotide chimeras. The reaction conditions required for cleavage, as well as the 
mass spectrometric analysis of the products is presented.
The last section involves the cleavage of E. coli 16S rRNA using RNase H. In 
this section, the various reaction conditions which may be used to generate cleavage of 
this molecule are investigated. In addition, a number of purification techniques aimed 
at isolating the desired product are presented.
22
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CHAPTER 2. THE ANALYSIS OF CMC DERIVATIVES OF 
NUCLEIC ACIDS AND OLIGONUCLEOTIDES USING MASS 
SPECTROMETRY
2.1 Introduction
Pseudouridine is the single most abundant modification in ribosomal RNA. This 
nucleotide is simply an isomer of U (Figure 1.2), and its unique structure results in an 
additional site for hydrogen bonding at the N-l position. As described in Chapter 1, 'F  
may have a number of potential functions in the ribosome. These functions may 
include: (1) acceptance of the carboxyl end of growing peptide chains (Lane, Ofengand 
etal., 1995; Ofengand, Bakin etal., 1995; Ofengand and Bakin, 1997); (2) conversion 
of RNA into its active form by acting as a conformational switch (NoIIer, 1991; Lane, 
Ofengand et al., 1995); (3) RNA folding and loop closure due to the additional 
hydrogen bond (Ofengand, Bakin etal., 1995; Ofengand and Bakin, 1997; Smith and 
Steitz, 1997).
The three techniques currently used to identify T* in RNA are RNA 
fingerprinting, RTase sequencing, and LC/MS (Fellner and Sanger, 1968; Branlant, Sri 
Wada et al., 1975; Branlant and Ebel, 1977; Hagenbiilche, Santer et al., 1978; Sri 
Wadada, Branlant et al., 1979; Youvan and Hearst, 1979; Qu, Michot et al., 1983; Lane, 
Pace et al., 1985; Bakin and Ofengand, 1993; Bakin, Kowalak et al., 1994). As 
discussed in Chapter 1, these three methods have had success in the identification o f *P 
in rRNA, but the results can oftentimes be ambiguous.
Both the RTase and endonuclease-based mass spectrometric methods used to 
determine pseudouridine rely on the effects of a derivative o f ¥  on the RTase reaction. 
This derivative o f 'P  is produced when 'F is allowed to react with JV-cyclohexyl-AT-P-
23
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(4-methylmorphoIinium)ethyl-carbodiimide (CMC). The nucleosides U, 5-methyl 
uridine (m5!!), G, and *P, react with CMC at pH 8-9 to generate a derivative with a 
CMC group at position N3  (U, m5!!, 'P), or Ni (G) (Figure 2.1). When treated at pH 10, 
however, the U, m5!), and G derivatives are reverted into their natural forms, but 3- 
CMC-'P is not affected (Ho and Gilham, 1971). In the RTase methods, the 3-CMC-'P 
nucleotide results in a stop of the RTase reaction, thereby allowing the identification of 
'P  by an incomplete RTase product.
As discussed in Chapter 1, the only current method that can identify the 
presence of *P using mass spectrometry is LC/MS. In this method, the presence of 'P is 
confirmed by a total nucleoside digest of the nucleic acid or oligonucleotide to be 
analyzed. 'P  has a characteristic chromatographic retention. In addition, as opposed to 
U, 'P is resistant to loss of the nucleoside base during MS analysis, and can be 
distinguished from U by this characteristic. This method, however, cannot determine 
the sequence location of VP. The difficulty in identifying 'P using mass spectrometric 
techniques is that it is a "mass silent" modification, i.e., its mass is identical to uridine. 
If, however, the 'P nucleotide can be derivatized so as to shift its mass, it can be readily 
identified.
In this work, the conditions for derivatizing an RNA sample and its subsequent 
mass spectrometric analysis are shown. In this procedure, the 3-CMC-'P derivative will 
be used to distinguish 'P  from U. This derivative will cause a shift in the mass of *P of 
253 u. To determine the optimum conditions for the derivatization and analysis the 
procedure was developed using tRNAVaM which is known to contain one 'P residue. 
The protocol for this section of the work will involve the derivatization reaction,
24
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Figure 2.1 Structure of (a) CMC; (b) 1 -CMC-guanosine; (c) 3-CMC-uridine/5- 
methyluridine; (d) 3-CMC-pseudouridine.
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followed by characterization of the resulting products using gel electrophoresis and 
mass spectrometry.
2.2 Experimental
2.2.1 Determination of oligonucleotide and nucleic acid concentration
The concentrations of the various oligonucleotide solutions were determined by 
UV absorption measurements at 260 nm. A 3-5 pL aliquot of the oligonucleotide 
solution was diluted to 1 mL. The solution was then placed in a I-cm quartz cuvette 
and the absorbance at 260 nm was measured. The number of optical density units 
(ODU) in the stock solution was determined using the following equation:
ODU/mL = (A m eas x 1 mL) / (volume of aliquot in mL)
Concentrations in pg/mL are then determined using the following relationships:
1 ODU RNA » 40 pg RNA 
1 ODU RNA (<30 mer) = 20 pg RNA
2.2.2 Derivatization of tRNAVaW with N-cyclohexyl-N'-|3-(4- 
methylmorpholinium)ethylcarbodiimide (CMC)
To 250 pg dry E. coli tRNAVaM (Sigma, St. Louis, MO) was added 50 pL of 25
pg/pL CMC-p-toluenesulfonate (Aldrich, Milwaukee, WI) in 50 mM sodium borate pH
8.5. The reaction was allowed to proceed at 37 °C for 4 h. The sample was then
precipitated by adding 17 pL of 10 M ammonium acetate, followed by 170 pL ethanol.
The suspension was stored at -20 °C for at least 3 h, and then centrifuged at 12,500 rpm
for 15 minutes. The pellet was lyophilized for 15-20 min. The lyophilized pellet was
dissolved in 50 pL of 40 mM sodium bicarbonate, pH 10.4. The reaction was allowed
to proceed at 37 °C for 4 h, and the sample was precipitated as described above.
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2.23  RNase T l  digestion oftRNA ™ '1
250 pg dry tRNA was dissolved in 50 pL 50 mM Tris-HCl, pH 7.5, 1 mM 
EDTA. To this mixture was added 10,000 units (U) RNase T l (25 units of enzyme 
correspond to the amount of enzyme required to generate a change of 0.01 ODU in one 
minute) (Ambion, Austin, TX). The mixture was allowed to incubate at 37 °C for 30 
min (Kowalak, Pomerantz etal., 1993).
2.2.4 Reverse phase HPLC separation of RNase T l  digestion products
HPLC separations were performed on a Beckman (Fullerton, CA) System Gold 
instrument equipped with a UV detector set to monitor at 260 nm. Buffer A consisted 
of 25 mM triethylammonium bicarbonate, pH 6.0, and buffer B consisted of 40% 
aqueous acetonitrile. The gradient used was 0 to 30% B at 1% per min. The flow rate 
was maintained at 1 mL/min. The entire RNase T l digestion mixture (60 pL) was 
injected for each run. The fractions were collected and identified using MALDI-MS as 
described below.
2.2.5 Derivatization of tRNAVaW RNase T l  fragments with CM C
To the dry HPLC fraction was added 50 |iL of 25 pg/pl CMC-p- 
toluenesulfonate (Aldrich, Milwaukee, WI) in 50 mM sodium borate, pH 8.5. The 
reaction was allowed to proceed at 37 °C for 4 h. The sample was then lyophilized. 
The dry sample was dissolved in 50 pL of 40 mM sodium bicarbonate, pH 10.4. The 
reaction was allowed to proceed at 37 °C for 4 h. The sample was then lyophilized.
2.2.6 MALDI-MS
MALDI-MS analyses were carried out using a Perseptive (Framingham, MA) 
Biosystems Voyager linear time-of-flight MALDI mass spectrometer equipped with an
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N2  laser. The matrix used for analysis of the intact tRNA before and after derivatization 
with CMC and for the underivatized RNase T l fragments of tRNAVaM was a 2:1 
mixture of 25 mg/ml 2,4,6-trihydroxyacetophenone (THAP):25 mg/mL diammonium 
hydrogen citrate. 1 pL of a 4 pg/pl sample solution was mixed with I pL of the matrix. 
0.5 pL of this mixture was spotted on the sample plate for analysis.
For analysis of the derivatized RNase T l fragments, one of the following three 
matrices were used: (1) 2:1 25 mg/mL THAP:25mg/mL diammonium hydrogen citrate; 
(2) 2:1 10 mg/mL 6-aza-2-thiothymine (ATT):25 mg/mL diammonium hydrogen 
citrate; (3) 5:1 70 mg/mL 3-hydroxypicolinic acid (HPA):25 mg/mL diammonium 
hydrogen citrate. Three different sample spotting techniques were also used with each 
matrix: (1) 1 pL of sample and 1 pL of matrix were mixed, and 0.5 pL of this mixture 
was then spotted on the sample plate; (2) 0.5 pL of matrix was spotted on the sample 
plate and allowed to dry; 0.5 pL of sample was then spotted on top of the dry matrix 
spot; (3) 0.5 pL of sample was spotted on the sample plate and allowed to dry; 0.5 pL 
of matrix was then spotted on top of the dry matrix spot.
When necessary, 1 pL of one of the following co-matrices was added to the 
sample/matrix mixture before spotting on the sample plate (Simmons and Limbach, 
1997; Simmons and Limbach, 1998) to reduce cation adducts: 0.3 M imidazole, 0.1 M 
imidazole, 1 mM imidazole, 0.3 M spermidine; and 0.1 mM spermidine. In addition, 
cation exchange resin beads (BioRad, Hercules, CA) were added to some of the sample 
spots to reduce cation adduction.
In all cases, calibration was carried out using dT2o and dT3o- Threshold laser 
power was used for all analyses. Spectra are an average of 50-100 laser shots.
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2.2.5 ESI-MS
ESI-MS analyses were carried out using a Hewlett Packard (Palo Alto, CA) 
Series 1100 MSD electrospray ionization quadrupole mass spectrometer. Samples were 
dissolved in 50% aqueous acetonitrile at a 20-30 pM concentration. 1% triethylamine 
and 1 mM trans-1,2-diaminocyclohexane-A,N,/\r,//'-tetracetic acid (CDTA) were 
added to the samples as needed to reduce cation adduct effects (Limbach, McCloskey et 
al., 1994). 10 pL of the sample was injected per ran. The flow rate for the electrospray 
was set at 0.05 mL/min. Acquisition times were 2.5 min. The needle voltage was set at 
3500 V, and the ffagmentor voltage was set to 70 V.
2.2.6 Polyacrylamide gel electrophoresis
Polyacrylamide gel electrophoresis of the RP-HPLC isolated product was 
carried out on a 0.7 mm vertical polyacrylamide/20% urea gel. The running buffer was 
0.1 M Tris borate, 0.05 M EDTA, pH 8 . Samples (1-10 pg) were dissolved in 1:1 
water gel-loading dye. Gels were ran at a constant voltage (1000 V) for 4-5 h. Gels 
were stained with Stains-All (Sigma, St. Louis, MO) solution and visualized under 
visible light.
2 3  Results and discussion
2.3.1 Polyacrylamide gel electrophoresis of tRNAVaW following CMC 
derivatization
The first experiment that was conducted in this portion of the work was the 
CMC derivatization of tRNAVaM. The molecule was first subjected to reaction with 
CMC in a pH 8.5 buffer, and then exposed to alkaline conditions (pH 10.4). To 
ascertain that CMC derivatization is occurring, the underivatized and CMC-derivatized 
tRNAVaM samples were analyzed by polyacrylamide gel electrophoresis. Figure 2.2 is
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Figure 23. Denaturing 20 % urea polyacrylamide gel electropherogram of 
tRNAVaM before and after reaction with CMC. Lanes: (1) 1.25 pg reaction 
sample; (2) 2.5 pg reaction sample; (3) 5 pg reaction sample; (4) 10 pg 
reaction sample; (5) 10 pg tRNAVaM; (6 ) 5 pg tRNAVaM; (7) 2.5 pg tRNAVaM 
(8 ) 1.25pgtRNAV81-1.
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the resulting gel electropherogram. Lanes 1-4 correspond to reaction products, and 
lanes 5-8 correspond to unreacted tRNAVaM. As can be seen in the figure, there is only 
one band present for the underivatized sample, whereas three bands are present in the 
CMC-derivatized sample. One of the bands corresponds to the underivatized sample, 
indicating that the CMC derivatization was not 100% efficient. Because tRNAVaM 
contains only one *P residue, it is expected that only one other band would be present 
corresponding to tRNAVaM with one CMC group on *P. Band A in lanes 1-4 may 
correspond to CMC-tRNAVaM due to its slower migration compared to the unreacted 
tRNA sample. Band B appears to have the same migration pattern as the underivatized 
tRNA sample. Band C, however, migrates faster than the unreacted tRNA. The faster 
migration of band C may indicate that decomposition of the sample is occurring. It has 
been reported that reaction for longer than 4 h at pH 10.4 to remove the CMC groups 
from T, G, and U can result in hydrolysis of the RNA strand (Bakin and Ofengand, 
1993). Although reaction was carried out for only 4 h, it may be that band C in lanes 1- 
4 of Figure 2.7 correspond to degradation products of the tRNA sample. In addition, it 
is not possible to ascertain from the gel electropherogram the number and location of 
derivatization sites.
2.3.2 Mass spectrometric analysis of intact tRNAVaM following CMC 
derivatization
To determine if a shift in m/z values is evident after reaction with CMC, the 
intact and derivatized tRNA samples were analyzed using MALDI-MS. The molecular 
weight of tRNAVaM is 25858. tRNAVa1*1 is known to contain one *P residue at position 
55. The expected molecular weight for CMC-tRNAVaM assuming derivatization of only 
the 'P  residue is 26111 u. Figure 2.3 shows the MALDI mass spectra obtained for
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tRNAVaM, tRNAVaM after reaction with CMC, and tRNAVaM after reaction with CMC 
and hydrolysis. From the experimentally determined values, there is a shift in mass 
between the unreacted and CMC-reacted species of 3800 u, which would correspond to 
approximately 15 CMC (253 u per CMC group) groups on the tRNA molecule. The 
total number of sites that are expected to gain a CMC group during reaction is 34. This 
difference in expected and predicted sites of CMC derivatization would indicate that 
perhaps complete reaction to generate CMC groups on all possible sites is not 
occurring. The difference in measured m/z between the tRNA after CMC reaction and 
the CMC-tRNA after hydrolysis is 3556 which corresponds to a loss of 14 CMC 
groups. This difference in mass indicates that there is an additional CMC group after 
hydrolysis when compared to the unreacted product. The presence o f a single CMC 
group is also verified by measuring the difference in m/z between the unreacted and 
hydrolyzed product. The experimentally determined values for the underivatized and 
derivatized samples were 24705 u and 24950 u, respectively. The difference in m/z 
between these two species is 245 u which is within ± 10 u of the expected value for the 
addition of a single CMC group.
The peak for the CMC-derivatized sample, however, is very broad. Although 
this may be a result of salt adduction, it is difficult to ascertain if only one species 
comprises this peak. In addition, it is difficult to discern if the mass shift is due to the 
addition of the CMC group, or if the apparent shift is a result of peak broadening due to 
salt adduction. The solutions used to carry out the CMC derivatization contain high 
concentrations of sodium. These sodium cations may in turn be sequestered by the 
nucleic acid in the gas phase to reduce the Coulombic strain caused by the loss of the
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Figure 2.3 Negative ion MALDI-TOF mass spectra of (a) tRNAVaM, (b) 
tRNAVaM after reaction with CMC, and (c) tRNAVaM after reaction with CMC 
and exposure to alkaline conditions. The expected and found m/z values for 
each species are: tRNAVaM = 25858 u (expected), 24705 ± 65 u (found); 
tRNAVaM after reaction with CMC = 34460 u (expected), 28505 ± 6  u (found); 
tRNAVaM after reaction with CMC and exposure to alkaline conditions = 26111 
u (expected), 24950 ± 11 u (found). The matrix used was 2:1 25 mg/mL 
THAP:diammonium hydrogen citrate, and 1 mM imidazole was added as a co­
matrix in spectra (a) and (c).
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solvent sheath along the highly negative phosphate backbone. These adducts can cause 
peak broadening, shift of m/z to higher values, and a loss of sensitivity.
To investigate whether or not cation adducts were contributing to peak 
broadening, a number of salt reduction techniques were employed. The final step in the 
CMC derivatization reaction is ammonium precipitation. This step aids in reducing 
cation adduct effects by replacing the nonvolatile sodium cations with volatile 
ammonium cations. It has also been shown that the addition of co-matrices to MALDI- 
MS samples can reduce cation adducts (Simmons and Limbach, 1997; Simmons and 
Limbach, 1998). These co-matrices have higher proton affinities than the nucleotide 
bases and act as proton and cation “sinks”. For the tRNA samples analyzed here, the 
co-matrices spermidine and imidazole were used to reduce cation adducts. The spectra 
shown in Figure 2.3 were the optimum spectra obtained. These spectra were obtained 
using 0.1 M imidazole as a co-matrix. The addition of spermidine did not have any 
positive effects on the spectra.
The last technique employed to reduce cation adduction was the addition of 
cation exchange resin beads to the sample spots. Cation exchange resin beads, like 
ammonium salt precipitation, exchange non-volatile cation adducts with volatile 
ammonium adducts (Nordhoff, Ingendoh et al., 1992). The use of resin beads did not 
improve the quality of the spectra, and in most cases interfered with crystallization.
Although the use of the desalting techniques discussed above reduced the width 
of the peak, the measured m/z value of the CMC-derivatized tRNA did not change when 
the desalting techniques were employed. This constancy in the measured m/z value 
indicates that the mass shift is most likely not due to cation adduction, but rather to the
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addition of a CMC group on the tRNA. The width of the peak is 2000 u which would 
indicate that it would be difficult to resolve two species which differed by 253 u. It is 
still difficult, therefore, to discern whether there is only one CMC-derivatized species 
corresponding to addition of one CMC group, or if there are other species also present 
in the peak that cannot be resolved.
The sample was further analyzed using ESI-MS. ESI generates a number of 
multiply charged species for nucleic acid samples. As opposed to the singly charged 
state observed in most MALDI-MS analyses, the presence of multiply-charged species 
allows analysis of the sample at lower m/z ranges where the resolution for most mass 
analyzers is higher. One drawback to ESI-MS analyses, however, is that the ion current 
is spread over a larger number of m/z values, thereby decreasing sensitivity. Figure 2.4 
shows the ESI mass spectra obtained for the unreacted and reacted tRNAVaM. As can 
be seen in the figure, only one species is present in the spectrum obtained for the 
unreacted tRNA, while two major species are present in the spectrum obtained for the 
reacted tRNA sample. Figure 2.5 shows a blow-up of the spectra between m/z 640 and 
715. In this figure, the presence of the two species in the reacted sample is evident.
The change in mass between the two species can be calculated by the change in m/z 
between the unreacted and reacted sample. For example, the change in m/z for the -39  
charge state in Figure 2.5b is 6 .8  which corresponds to a change in molecular weight of
302.2 u. Likewise, the experimentally measured mass for each the samples can be 
calculated by averaging the mass obtained from each charge state. The expected mass 
for tRNAVaM is 25938.2 u. The experimentally measured masses of the reacted and 
unreacted tRNA are 26038.1 u and 26315.8 u, respectively. The difference in mass
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between the expected and calculated value for the unreacted sample may be due to salt 
adduction. CDTA and TEA were added to the electrospray samples to reduce cation 
effects. The spectra shown are the optimum spectra obtained using 60 jtL (20% of the 
sample solution volume) CDTA and 40 pL (13 % of the sample solution volume) of 1 
% TEA to desalt the sample. The use of smaller amounts of these additives resulted in 
spectra which were poorer in quality than those shown, while addition of more additives 
did not improve spectral quality but did result in decreased sensitivity.
Despite the effect of the cation adducts, it was still possible to resolve two 
species in the reaction sample. The first species present corresponds in mass to the 
unreacted sample. The second species corresponds to a shift in mass of from the 
unreacted of 278 u which is within 10 % of the expected shift in molecular weight for 
the addition of one CMC group.
The presence of the three bands for the CMC-derivatized tRNAVaM in the gel 
electropherogram may explain the poor quality of the MALDI-MS data . The poor 
resolution of the TOF analyzer used in the MALDI-MS analyses, coupled with the 
effects of cation adducts, does not permit the effective resolution of the three species. 
However, from the ESI-MS analysis, it appears that only two species are present in the 
reaction sample, the underivatized and derivatized tRNA. It is possible that the sample 
analyzed by gel electrophoresis decomposed after CMC reaction, but prior to analysis, 
resulting in the three bands observed in the electropherogram.
2 3 3  Analysis of RNase T1 digests of tRNAVaW
A second approach that was taken to analyze the CMC product o f tRNAVaM was 
to digest the nucleic acid with RNase T1 which generates oligonucleotide fragments
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Figure 2.4 Negative ion ESI mass spectra of (a) tRNAVaM and (b) tRNAVal'1 
after CMC derivatization. Calculated molecular weights: tRNAVaM = 26038; 
tRNAVaM after CMC derivatization = 263167. The solvent used for analysis 
was 50 % aqueous acetonitrile with 60 pL (20 % volume) CDTA, and 40 pL 
(13 %) 1% TEA.
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Figure 2.5 Blow-up of the region between m/z 640 and 715 o f the negative 
ion ESI mass spectra of (a) tRNAVaMand (b) tRNAVaM after CMC 
derivatization. The solvent used for analysis was 50 % aqueous acetonitrile 
with 60 pL (20 % volume) CDTA, and 40 pL (13 %) 1% TEA.
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terminating in Gp. Two methods were used to analyze the RNase T1 fragments. In the 
first case, the underivatized and CMC derivatized tRNA were digested using RNase T1, 
and the reaction product mixtures were analyzed by MALDI-MS. The crude mixtures 
could not be analyzed directly due to interference from salt adducts. To reduce salt 
adducts, an ammonium salt precipitation was carried out and the sample was 
subsequently analyzed by MALDI-MS. The resulting spectra are shown in Figure 2.6. 
Ammonium salt precipitation is not useful for small oligonucleotides, and as can be 
seen in Figure 2.6, it appears that a large number of the smaller fragments expected 
(Table 2.1) are absent. The peak marked with an * in the CMC derivatized tRNA digest 
spectrum indicates a species which was not present in the digest of the underivatized 
sample. The m/z value for this species (1753.8 u), however, does not correspond in 
mass to any of the predicted fragments with or without the addition of a CMC group.
In addition to analysis of the crude mixture, the RNase T1 fragments generated 
for cleavage of tRNAVaM before and after CMC reaction were separated using RP- 
HPLC. Each of the collected fractions was analyzed by MALDI-MS. Table 2.1 lists 
the predicted RNase T1 fragments of tRNAVaM and their corresponding m/z values, as 
well as the peak number from Figure 2.7 which corresponds to each fragment. Figure 
2.7 is a typical chromatogram obtained for the separation of the RNase T1 fragments of 
tRNAVaM. The chromatogram obtained for the CMC derivatized fragments was 
identical to that of the underivatized product. In addition, MALDI-MS analysis of the 
individual fractions did not reveal the presence of any species not present in the RNase 
T1 fragments of the underivatized product.
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Figure 2.6 Negative ion MALDI-TOF mass spectra of the RNase T1 digest of (a) tRNAVa1'1 and (b) tRNAVa1’1 after 
derivatization with CMC. The peak marked with an * corresponds to a species not present in the underivatized 
sample. The peaks marked with an # correspond to doubly-charged species of peaks 1 and m. The matrix used was 
2:1 25 mg/mL THAP:diammonium hydrogen citrate. See table 2.1 for sequence assignments.
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Figure 2.7 Typical RP-HPLC chromatogram of the RNase T1 fragments o f 
tRNAVaM (see Table 2.1 for peak assignments). The HPLC conditions were as 
follows: buffer A = 25 mM TEAB, pH 6.4; buffer B = 40 % aqueous 
acetonitrile; gradient = 0 to 100 % B at 1 %/min; flow rate = 1 mL/min.
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Table 2.1 Expected fragments and their corresponding m/z values from RNase T1 
digestion of tRNAVaM. Peak numbers correspond to Figure 2.6. Sequences with no 
peak numbers assigned were not identified in any of the HPLC fractions.
Nucleotide sequence* Expected m/z values
Peak number
a) Gp 363.1
b) pGp 443.1 2
c) CGp 668.3 4
d) UGp 669.3 4
e) AGp 692.3 3
f) CDGp 976.5 6
g) T'FCGp
1278.7 10
h) CUCAGp 1608.9 11





1) UCAUCACCCACCA 4003.5 13
m) CACCUCCCUcmo5UACm6AAGp 4822.9
*D =  dihydrouridine; s4U = 4-thiouridine; cmo5U  =  uridine-5-oxyacetic acid; m6A = N-6- 
methyladenosine.
The fraction containing 'P was isolated using RP-HPLC, and then subjected to 
CMC derivatization. Figure 2.8 is the MALDI mass spectrum of the fraction expected 
to contain T'FCGp. Because the sample is small (a tetramer), desalting techniques such 
as spin column concentration, and ammonium salt precipitation are not
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Figure 2.8 Negative ion MALDI-TOF mass spectrum of peak 10 in Figure 2.7. Expected m/z for T'FCGp =» 
1278.7; found m/z = 1280.2. The matrix used was 2:1 25 mg/mL THAP:diammonium hydrogen citrate.
amenable for purification of this sample following CMC reaction. When the crude 
reaction sample is mixed with the matrix for MALDI-MS analysis, crystallization of the 
sample spot does not occur thereby inhibiting analysis using this technique. Analysis 
by ESI-MS revealed only the presence of a singly charged moiety at m/z 612.3 u which 
does not appear to correspond to any possible oligonucleotide species. This peak may 
correspond to some type of contaminant from the reaction mixture.
The derivatized sample was purified using RP-HPLC. A typical chromatogram 
is shown in Figure 2.9. As can be seen in this figure, the peaks resulting from 
separation of the sample are not baseline resolved. Analysis of peak 1 from Figure 2.8 
by MALDI-MS revealed the presence of the underivatized product. Attempts to 
analyze peak 2 were unsuccessful due to lack of co-crystallization between the sample 
and the matrix, as was the case with the crude reaction mixture.
A number of matrices and spotting techniques were investigated. When mixed 
with the sample prior to spotting, none of the three matrices used (HPA, THAP, and 
ATT) co-crystallized with the sample. The resulting sample spots were an oily residue, 
and in the case where THAP was the matrix, bright yellow in color. A layered spotting 
approach was also used. In this case, the sample or the matrix was spotted first and 
allowed to dry, and the other component was then spotted on top of the dry spot. In 
either case (matrix or sample spotted first) crystallization of the matrix did occur, but is 
was still not possible to obtain signal for the oligonucleotide.
Because the pH of the sample solution after reaction with CMC is high (10.4), it 
is possible that the high pH was interfering with crystallization. To test this possibility, 
the sample solution was acidified with 1 pL glacial acetic acid. Once again, however,
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Figure 2.9 Typical RP-HPLC chromatogram o f CMC-’PFCGp. The HPLC 
conditions were as follows: buffer A = 25 mM TEAB, pH 6.4; buffer B = 40 
% aqueous acetonitrile; gradient = 0 to 100 % B at 1 %/min; flow rate = 1 
mT./min.
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crystallization did not occur. Due to this result, as well as the fact that the HPLC 
separated product also interfered with the matrix crystallization, it appears that the 
CMC group on the oligonucleotide may interfere with matrix-sample interactions.
2.4  Conclusions
In this section, a tRNA molecule known to contain a single 'P residue was 
subjected to CMC derivatization. The derivatized sample was then analyzed by 
polyacrylamide gel electrophoresis and mass spectrometry. It was found that reaction 
with CMC did result in derivatization of the sample, and from the MALDI-MS and ESI- 
MS data, it appears that the mass shift observed corresponds to the presence of only one 
CMC group.
From the gel electropherogram, it is evident that there are three components present 
in the reaction sample. One band has slower migration than the unreacted tRNA, 
indicating that the sample has been derivatized. The other two bands, however, migrate 
at the same rate or faster than the tRNA. This is an indication that decomposition of the 
sample is occurring due to the long exposure to pH 10.4 buffer. In the future, this 
possibility should be explored by varying the amount of time the sample is allowed to 
react in the pH 10.4 buffer. If decomposition is indeed occurring due to long exposures 
to the pH 10.4 buffer, reaction for shorter times should diminish the amount of 
decomposition products present in the gel. In addition, a control sample which is not 
subjected to CMC reaction, but only to the buffer and reaction temperature conditions 
can also be analyzed to verify this assumption.
As mentioned in the discussion, it is difficult to determine from the 
electropherogram the number and location of CMC groups. Further analysis of the
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sample by MALDI-MS indicates that there is only one CMC group due to a shift in 
mass of only 245 u from the unreacted sample. The quality of the spectra obtained, 
however, are not optimal. The peak for the derivatized sample is quite broad indicating 
that cation adducts may be present. A number of salt reduction techniques were 
employed, however, and these techniques did not appear to alter the m/z value. In 
addition, as evidenced by the gel electrophoresis results, it is possible that more than 
one species may comprise the peak for the derivatized sample. Analysis of the sample 
by ESI-MS revealed the presence of two species corresponding to the underivatized 
tRNA and the derivatized tRNA with one CMC group (AM = 278). The molecular 
weight for the underivatized species was found to be higher than expected, which may 
indicate the presence of cation adducts.
RNase T1 digestions of the sample before and after CMC reaction were also 
conducted to determine if the analysis of a smaller oligonucleotide would be more 
efficient than the analysis of the intact nucleic acid which is more susceptible to cation 
adduction, thereby degrading the mass spectrum. Analysis of the unchromatographed 
reaction mixtures did not prove useful, due to the loss of smaller species during 
ammonium salt precipitation. In addition, separation of the RNase T1 fragments of the 
derivatized sample did not reveal the presence of any species which was not present in 
the underivatized sample.
The analysis o f CMC-'PPCGp was also attempted. It was found, however, that 
purification of the derivatized tetramer was difficult. In addition, the derivatized sample 
did not seem to co-crystallize with any of the matrix combinations presented, even after 
HPLC purification.
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In summary, the conditions for the CMC derivatization and subsequent mass 
spectrometric analysis of an intact nucleic acid were presented in this chapter. As stated 
in section 1.4, the analysis of intact nucleic acids can be difficult. The analysis of an 
intact molecule, such as tRNA, becomes even more difficult when the sample is first 
exposed to high concentration salt buffers, as is the case during derivatization using 
CMC. Although the exact position of the CMC group cannot be determined from the 
experiments presented here, the data show that the shift in mass caused by the presence 
of a CMC group can be detected using the sample purification and desalting steps 
presented here prior to mass spectrometric analysis.
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CHAPTER 3. THE ANALYSIS OF RIBONUCLEASE H 
CLEAVAGE PRODUCTS OF OLIGONUCLEOTIDES USING 
MASS SPECTROMETRY1
3.1 Introduction
One approach to probing selected regions of RNA is to use specific 
endonucleases which will cleave only at a well-defined location. RNase H is one such 
endonuclease. RNase H has been shown to bind RNA/DNA duplexes and induce 
cleavage of the RNA strand (Donis-Keller, 1979). As stated in section 1.5, McCloskey 
and co-workers have already utilized RNase H to help identify posttranscriptional 
modifications in rRNA (Kowalak, Pomerantz et al., 1993; Bakin, Kowalak et al., 1994). 
One drawback in using RNase H, however, is that cleavage is oftentimes not selective 
due to scission at more than one point along the backbone of the RNA strand (Donis- 
Keller, 1979). This lack of specificity is one of the major disadvantages in the 
McCloskey, et. al. protocol. In addition, it has been shown that RNase H from different 
organisms, as well as suppliers, can generate cleavage at locations along the RNA 
strand different from that expected (Hogrefe, Hogrefe et al., 1990; Eder, Walder et al., 
1993; Lapham, Yu e ta i, 1997).
In this chapter experiments were carried out to determine the specificity of 
RNase H cleavage on a model oligoribonucleotide using chimeric oligonucletotides 
(Polo and Limbach, 1998). It has been shown recently that the use of chimeric 
oligonucleotides in place of the DNA strand increases the specificity of RNase H 
cleavage (Inoue, Hayase etal., 1987). Chimeric oligonucleotides consist of a short 
DNA sequence flanked on both the 3'- and the 5’-side, or only the 5'-side with an RNA
f Portions o f this chapter are reprinted with permission o f Journal o f Mass Spectrometry.
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or a modified RNA sequence (Shibahara, Mukai et al., 1987; Bogdanova, Degtyarev et 
al., 1995). Although specific cleavage at one intemucleotide bond occurs when the 
majority of the chimera types are used, one study indicates that the least amount of non­
specific cleavage occurs when the chimera consists of a DNA tetramer flanked on either 
side by trimers of 2’-<9-methyI ribonucleotides (Inoue, Hayase et al., 1987). To test the 
effectiveness of these chimeras in directing RNase H cleavage to a single location along 
the backbone, an oligoribonucleotide hairpin was synthesized, as were two 
complementary chimeras. The first chimera was designed to cleave at a double­
stranded region of the hairpin, and the second chimera was used to cleave at a single­
stranded region of the hairpin. To ascertain that the cleavage is occurring at the desired 
site, the resulting products are analyzed by MALDI-MS, and the experimentally 
determined masses are compared to those expected.
3.2 Experimental
3.2.1 Oligonucleotide synthesis
All oligonucleotide syntheses were carried out on a Perkin Elmer/Applied 
Biosystems (Foster City, CA) Model 394 DNA/RNA gene synthesizer. Ribonucleotide 
and 2’-O-methyl-ribonucIeotide phosphoramidites were obtained from ChemGenes 
(Waltham, MA). Deoxyribonucleotide phosphoramidites and all synthesis reagents 
were obtained from Perkin Elmer/Applied Biosystems. Synthesis of the hairpin, 5’- 
CCGGUUUCGUACAAACCGG-3’, was carried out using standard phosphoramidite 
chemistry. To increase coupling yields, reaction times were extended to 600 s and 5- 
methylthio-lH-tetrazole (Glen Research, Sterling, VA) was used as the activating agent. 
Removal from the controlled pore glass (CPG) support was carried out by treating the
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support with 3:1 28% NH4OH:ethanol for 1 h at room temperature. Deprotection was 
carried out in the same solvent at 55 °C for 1 h. The sample was lyophilized, and the 
2’-silyl groups were removed by reaction with 500 pL triethylamine trihydrofluoride 
(TEA, 3HF) overnight at room temperature (Gasparutto, Livache etal., 1992). The 
reaction was quenched with an equal volume of water and the sample was lyophilized 
and reconstituted in 1 mL water. All solutions used were autoclaved and gloves were 
worn when handling samples to avoid degradation of the oligoribonucleotide by 
RNase’s.
Chimera 1 [5’-r(CmGmGm)d(TTTG)r(UmAmCm)-3’], and chimera 2 [5’- 
r(UmGmUm)d(ACGA)r(AmAmCm)-3’] were synthesized using standard 
phosphoramidite chemistry. Reaction times for the 2’-0-methyI phosphoramidites were 
extended to 600 s compared to 25 s for the deoxyphosphoramidites. Removal from the 
CPG support was carried out by treatment with 100% NH4OH for 1 h at room 
temperature. Deprotection was carried out by treatment with 100% NH4OH at 55 °C
overnight. After deprotection, the samples were lyophilized and reconstituted in 1 mL 
*
water.
3.2.2 HPLC purification of oligonucleotides
HPLC separations were performed on a Beckman (Fullerton, CA) System Gold 
instrument with a model 136 UV detector set to monitor at 260 nm. Purification of the 
hairpin was carried out using reverse phase HPLC. The column used was a reverse 
phase Supelco (Bellefonte, PA) Nucleosil C-18 column. Buffer A was composed of 25 
mM triethylammonium bicarbonate (TEAB), pH 6.0, and buffer B consisted of 40 %
51
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
aqueous acetonitrile (ACN). Gradient elution from 0 to 35 %B at 1 %B/min at a flow 
rate of 1 mL/min was used.
The chimeras were purified using anion exchange chromatography on a 
Nucleogen DEAE anion exchange column obtained from the Nest Group (Southboro, 
MA). Buffer A consisted of 25 mM TEAB, 20 %ACN, pH 6.4, and buffer B consisted 
of 1 M TEAB, 20 %ACN, pH 7.6. The gradient was as follows: 25 to 30 %B in 5 
minutes, 30 to 35 %B in 30 minutes. Flow rates were I mL/min. The purity of all 
HPLC fractions was confirmed using MALDI-MS as described below.
3 .23  Determination of oligonucleotide concentration
The concentrations of the various oligonucleotide solutions were determined by 
UV absorption measurements at 260 nm. A 3-5 pL aliquot of the oligonucleotide 
solution was diluted to 1 mL. The solution was then placed in a 1-cm quartz cuvette 
and the absorbance at 260 nm was measured. The number of optical density units 
(ODU) in the stock solution was determined using the following equation:
ODU/mL = (Ameas x 1 mL) /  (volume of aliquot in mL)
Concentrations in jig/mL are then determined using the following relationships:
1 ODU RNA = 40 (ig RNA 
1 ODU RNA (<30 mer) *  20 pg RNA
3.2.4 Melting curve analyses
Melting curve analysis of the chimera/hairpin complexes was carried out on a 
Gilford (Norwood, MA) spectrometer. Melts were conducted at -1 jiM, ~10 jiM, and 
-100 |iM concentrations in 1-cm, 0.1-cm, and 0.01-cm cells, respectively. Melts were 
carried out from 5 to 95 °C at 0.5 °C steps. Prior to analysis, samples were heated to 95
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°C and allowed to anneal at room temperature for 1 h to 3 h. Two buffer systems were 
used to carry out melting curve analyses. The first buffer used consisted of 10 mM 
sodium phosphate, 0.1 mM EDTA, and 1 M NaCI, pH 7.0. The second buffer used was 
the iV-[2-hydroxyethyl]piperazine-AT-[2-ethanesulfonic acid] (HEPES) buffer used to 
carry out the RNase H reaction described below. The HEPES buffer consists of 20 mM 
HEPES, 10 mM MgCl2, 0.1 mM dithiothreitol (DTT), pH 7.5. The relative 
concentrations of the chimeras to hairpin were varied from 1:1 to 3:1 in order to obtain 
optimum chimera:hairpin hybridization.
3.2.5 RNase H cleavage of the oligoribonucleotide hairpin
Two protocols were used for RNase H cleavage of the hairpin. In both cases, 
the optimum chimerarhairpin concentrations and hybridization conditions were 
determined from the melting curve analyses. In the first protocol, the buffer used 
consisted of 40 mM Tris-HCl, pH 7.9,4 mM MgCl2, ImM DTT, and 4% glycerol 
(Hayase, Inoue et a/., 1990). Reaction volumes were 100 pL. The hairpin and chimera 
were mixed in the buffer and allowed to hybridize using the conditions determined from 
the melting curve analyses. After hybridization, 1.5 units (U) (one unit of RNase H is 
defined as the amount of enzyme required to produce 1 nmol of acid soluble 
ribonucleotides from poly (rA):poly (dT) in 20 min at 37 °C) of RNase H (Amersham 
Life Sciences, Arlington Heights, EL) was added to the mixture along with 3 pg bovine 
serum albumin (BSA). The reaction was allowed to proceed for 30 min, 60 min, and 
120 min to determine optimum reaction times. The reaction was carried out at 5 °C, 15 
°C, 25 °C, and 37 °C.
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The second protocol employed a HEPES buffer consisting of 20 mM HEPES, 
10 mM MgCl2 . 0.1 mM dithiothreitol (DTT), pH 7.5 (Bakin, Kowalak et al., 1994). 
Reaction volumes were 15 pL. After hybridization, 2-5 units of RNase H (Promega) 
were added to the reaction mixture. The reaction was allowed to proceed for 1 h, 2 h, 
and overnight. After RNase H reaction using either method, the products were isolated 
by adding an equal amount of phenol to the reaction volume and extracting the aqueous 
phase. To the aqueous phase was added 1/3 volume of NH4OAc, followed by 3x 
volume of ice-cold ethanol to precipitate the ammonium salt for mass spectrometric 
analysis (Stults and Marsters, 1991). Suspensions were stored at -20  °C overnight and 
then centrifuged at 12,500 RPM for 15 min. The liquid phase was decanted and the 
pellet was redissolved in 70% aqueous ethanol. The suspensions were once again 
stored at -  20 °C for a minimum of 3 h and then centrifuged at 12,500 RPM for 15 min. 
The liquid phase was decanted and the pellet was lyophilized to dryness.
3.2.6 MALDI-MS
MALDI-MS analyses were carried out using a Perseptive Biosystems 
(Framingham, MA) Voyager linear MALDI time-of-flight mass spectrometer equipped 
with an N2 laser. The matrix used was a 2:1 mixture of 0.5 M 2,4,6- 
trihydroxyacetophenone:0.1 M diammonium hydrogen citrate. 1-2 pL of a 0.1-0.3 mM 
solution of the sample to be analyzed or 1-2 pL of the reaction mixture were mixed with 
3 pL of the matrix. 0.5 pL of this mixture was spotted on the sample plate for analysis. 
External calibration was carried out using either d(pA)s and d(pT)i6 or dTs and dT2o, 
except where noted in the text below.
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3 3  Results and discussion
The results of this portion of the work presented here have been previously 
published (Polo and Limbach, 1998). The object of these experiments was to show that 
RNase H cleavage is indeed selective when chimeric oligonucleotides are employed in 
place of a complementary DNA strand. Figure 3.1 depicts the predicted secondary 
structure of the oligoribonucleotide hairpin used in this study and binding of chimeras 1 
and 2 to the oligoribonucleotide hairpin. This particular sequence was chosen to 
determine the effectiveness of RNase H cleavage on an oligoribonucleotide with 
secondary structure. It has been shown that the nature of the RNA secondary structure 
(double-stranded vs. single-stranded) can affect oligonucleotide binding (Ecker, Vickers 
et al., 1992). The four G-C base pairs at the end of the hairpin stem create a highly 
stable structure. As can be seen in Figure 3.1, chimeras 1 and 2 were designed to 
induce cleavage at a double-stranded and a single-stranded region of the 
oligoribonucleotide, respectively. The effectiveness of RNase H cleavage on this 
highly stable structure would indicate whether or not secondary structure would be a 
limiting factor in the cleavage of 16S rRNA.
Figure 3.2 is a typical melting curve obtained for the hairpimchimera hybrids. A 
melting curve of the hairpin alone indicates that the melting temperature for the 
intramolecular base pairing is 75 °C. From Figure 3.2, it can be seen that when the 
chimera is present, there are two melting transitions. The transition at 75 °C 
corresponds to the intramolecular hairpin melting. The transition at approximately 30 
°C corresponds to the melting of the intermolecular base pairing between the hairpin 
and the chimera. The intermolecular nature of this transition is evident in the change in
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Figure 3.1 Expected oligoribonucleotide secondary structure and sites of hybridization with (a) chimera 1, and (b) 
chimera 2. The dark lines indicate the chimeric oligonucleotides. Arrows indicate predicted location of RNase H 
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Figure 3.2 Typical melting curve of the hairpin used in this study bound to a chimera. Curves were obtained 
using the hairpin and chimera 2 in a 1:1 ratio. Legend: ■  2 pM (1-cm cell), ▲ 20 pM (0.1-cm cell), and #  200 
pM (0.01-cm cell) hairpin/chimera (Polo and Limbach, 1998, used with permission from Journal o f Mass 
Spectrometry).
melting temperature at different concentrations (Puglisi and Tinoco, 1989). The 
melting curves shown were obtained using a 1:1 mole ratio of the hairpin to the 
chimera.
The RNase H reaction of the hairpin with each of the chimeras was monitored using 
MALDI-TOF-MS. The m/z values of potential and expected cleavage products are 
listed in Table 3.1. Typically, RNase H cleavage reactions are carried out using 1 U of 
RNase H per optical density unit (ODU) of RNA and allowing the reaction to proceed 
at 37 °C for 1 h (Donis-Keller, 1979; Bakin, Kowalak et al., 1994). In this case, 
however, these conditions were not sufficient to induce cleavage. Analysis of the 
reaction products using MALDI-TOF-MS revealed only the presence of the chimera 
and the hairpin. As previously mentioned, the melting temperature of the 
hairpin:chimera complex was 30 °C which is below the optimum reaction temperature 
(37 °C) for RNase H. Attempts to perform the digestion reaction at temperatures lower 
than 37 °C did not result in any measurable amount of digestion products.
To increase the reaction yield, the period of the digestion reaction and the quantity 
of RNase H were varied while maintaining a constant hairpinxhimera mole ratio. 
Figures 3.3 and 3.4 are the negative ion MALDI-TOF mass spectra obtained for the 
RNase H cleavage of the hairpin using chimera 1 and chimera 2, respectively.
Cleavage was obtained only when the reactions were allowed to proceed overnight 
using at least 12 U of RNase H per ODU of hairpin. As can be seen in Figures 3.3 and 
3.4, there are only two products detected for each of the reactions as expected, and the 
m/z of the product ions correspond to the predicted m/z values (Table 3.1). The 
predicted mass values were calculated from the expected product sequences as
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Figure 3.3 Negative ion mode MALDI-TOF mass spectrum of the RNase H cleavage of the oligoribonucleotide 
hairpin using chimera 1. The products detected are: CCGGUUUCGUACAAA (m/z expected = 4735.9, m/z 
found = 4738.7), and pCCGG (m/z expected = 1318.8, m/z found = 1315.6) (Polo and Limbach, 1998, used with 
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Figure 3.4 Negative ion mode MALDI-TOF mass spectrum of the RNase H cleavage of the oligoribonucleotide 
hairpin using chimera 2. The products detected are: CCGGUUUCGU (m/z expected = 3112.9, m/z found = 
3313.9), and pACAAACCGG (m/z expected = 2939.8, m/z found = 2939.9) (Polo and Limbach, 1998, used with 
permission from Journal of Mass Spectrometry).
determined from the structure of the chimera hybridization probe and the previously
reported specificity of such probes (Inoue, Hayase et aL, 1987).
Table 3.1 Predicted m/z values for all potential products resulting from RNase H 
cleavage of the hairpin using RNase H. The cleavage products expected from cleavage 
using chimeras 1 and 2 are indicated in boldface. ((Polo and Limbach, 1998), used with 
permission from J. Mass Spectrom.)
Potential Products Resulting from  
RNase H Cleavage using C him era 1
Potential Products Resulting from 





pCCGG 1318.8 CCGGUUU 2156.3
pACCGG 1647.0 CCGGUUUC 2461.5
pAACCGG 1976.2 CCGGUUUCG 2806.7
pAAACCGG 2305.4 pACAAACCGG 2939.8
CCGGUUUCGUAC 3747.3 CCGGUUUCGU 3112.9
CCGGUUUCGUACA 4076.5 pUACAAACCGG 3246.0
CCGGUUUCGUACAA 4405.7 pGUACAAACCGG 3591.2
CCGGUUUCGUACAAA 4735.9 pCGUACAAACCGG 3896.4
All unlabeled peaks in the spectra correspond to peaks present in the hairpin or 
chimera samples prior to RNase H cleavage. None of these peaks have m/z values 
which would correspond to cleavage at other possible sites on the hairpin molecule 
(Table 3.1). As can be seen in Table 3.1, the m/z values found for the cleavage of the 
hairpin using chimera 2 are more accurate than those found for cleavage using chimera 
1. This improvement in accuracy is a result of internal calibration with peaks in the 
mass spectrum corresponding to chimera 2 and undigested hairpin. Because the 
predicted cleavage product m/z values agree with those found, and none of the other
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possible products listed in Table 3.1 are present, the data suggest that cleavage in both 
cases is occurring only at the expected location.
3.4 Conclusions
In this section, the conditions for selective cleavage of an oligoribonucleotide 
hairpin were determined using RNase H and chimeric oligonucleotides. It was 
demonstrated that selective cleavage of the molecule occurred for cleavage at a single­
stranded and a double-stranded region using chimeric oligonucleotides during RNase H 
cleavage. The stability of the hairpin compared to the chimeraihairpin complexes 
necessitated the use of extreme conditions to generate cleavage. In addition, it was 
shown that MALDI-MS can be used to determine the specificity of the cleavage by 
comparison of the experimentally determined m/z values to those of the predicted 
products. By using MALDI-MS to analyze reaction products, the optimum reaction 
conditions can be determined for a particular reaction. In addition, the presence or 
absence of reaction products in the mass spectra can provide information on the 
specificity of the reaction, as well as help determine the site of cleavage of the enzyme. 
The use of MALDI-MS to monitor the RNase H reaction products of oligonucleotides 
provides an advantage over chromatographic and electrophoretic techniques in that less 
time is required for analysis, and there is no need to label the products. In addition, 
MALDI-MS analysis can be carried out using nanomole amounts of material.
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CHAPTER 4. CLEAVAGE OF 16S RIBOSOMAL RNA USING 
RIBONUCLEASE H
4.1 Introduction
It has been found that the majority of the modifications in rRNA are confined to 
conserved regions (Woese, Gutell eta l., 1983; Noller, 1984). This characteristic aids in 
the analysis of these modifications by allowing a more narrow area of the molecule to 
be examined. As described in Chapters 1 and 3, RNase H may be used to isolate 
specific regions of RNA. McCloskey and co-workers have previously used RNase H to 
selectively cleave E. coli 16S rRNA (Kowalak, Pomerantz etal., 1993; Bakin, Kowalak 
et al., 1994). Their results showed, however, that a certain degree of non-specific 
cleavage was also occurring.
In addition to the difficulties encountered in generating specific cleavage, the 
purification of the reaction products for subsequent analysis by mass spectrometry can 
be difficult. As discussed in section 1.4, the presence of cation adducts can degrade the 
quality of the mass spectra obtained. Due to the requirements for enzyme activity, the 
buffers in which the cleavage reactions are carried out contain a number of cations such 
as potassium, sodium, and magnesium. Therefore, the need for efficient desalting and 
purification techniques is essential in characterizing these products by mass 
spectrometry.
In the previous chapter, it was shown that RNase H cleavage of an 
oligoribonucleotide using chimeric oligonucleotides resulted in cleavage at a specific 
site. In this chapter, a similar set of chimeric oligonucleotides are used to direct RNase 
H cleavage of E. coli 16S rRNA. Unlike the short oligoribonucleotide used as a model
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in Chapter 3, the possibility of non-specific cleavage is higher due to possible secondary 
hybridization sites of all or part of the chimeric oligonucleotides.
In this chapter, the conditions required for specific cleavage of E. coli 16S 
rRNA are investigated. Two sets o f RNase H reaction conditions are presented. The 
first set of conditions are aimed at generating a 39-mer containing the 530 loop. The 
second set of conditions generate a 534-mer containing the same region. The various 
reaction conditions required to generate cleavage in each case are presented. The 
advantages of generating a larger product are also discussed. In addition, the various 
requirements for the purification o f each of the reaction products and their subsequent 
mass spectrometric analysis are discussed. The analysis of the products using gel 
electrophoresis and mass spectrometry to determine specificity is presented.
4.2 Experimental
4.2.1 Oligonucleotide synthesis
All oligonucleotide syntheses were carried out on a Perkin Elmer/Applied 
Biosystems (Foster City, CA) Model 394 DNA/RNA gene synthesizer. 2 ’-0 -methyl- 
ribonucleotide phosphoramidites were obtained from ChemGenes (Waltham, MA). 
Deoxyribonucleotide phosphoramidites and all synthesis reagents were obtained from 
Perkin Elmer/Applied Biosystems.
Chimera 3 [5’-r(CmGmUm)d(ATTA)r(CmCmGm)-3'], and chim era4 [5- 
r(CmUmUm)d(CTCG)r(GmGmGm)-3’] were synthesized using standard 
phosphoramidite chemistry. Reaction times for the 2’-0-methyl phosphoramidites were 
extended to 600 s compared to 25 s for the deoxyphosphoramidites. Removal from the 
CPG support was carried out by treatment with 100% NH4OH for 1 h at room
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temperature. Deprotection was carried out by treatment with 100% NH4OH at 55 °C 
overnight. After deprotection, the samples were lyophilized and reconstituted in 1 mL 
water.
4.2.2 HPLC purification of chimeric oligonucleotides
The chimeras were purified using anion exchange chromatography on a 
Nucleogen DEAE anion exchange column obtained from the Nest Group (Southboro, 
MA). Buffer A consisted of 25 mM TEAB, 20 %ACN, pH 6.4, and buffer B consisted 
o f 1 M TEAB, 20 %ACN, pH 7.6. The gradient was as follows: 25 to 30 %B in 5 
minutes, 30 to 35 %B in 30 minutes. Flow rates were 1 mL/min. The purity of all 
HPLC fractions was confirmed using MALDI-MS as described below.
4.2.3 Determination of oligonucleotide and nucleic acid concentration
The concentrations of the various oligonucleotide solutions were determined by 
UV absorption measurements at 260 nm. A 3-5 pL aliquot of the oligonucleotide 
solution was diluted to 1 mL. The solution was then placed in a 1-cm quartz cuvette 
and the absorbance at 260 nm was measured. The number of optical density units 
(ODU) in the stock solution was determined using the following equation:
ODU/mL = (Ameas x 1 mL) /  (volume of aliquot in mL)
Concentrations in pg/mL are then determined using the following relationships:
1 ODU RNA ~ 40 jig RNA 
1 ODU RNA (<30 mer) *  20 pg RNA
4.2.4 Isolation of 16S rRNA from E. coli.
E. coli MY 285 was grown in Luria-Bertani (LB) media (10 g/L bacto-tryptone, 
5 g/L bacto-yeast extract, 10 g/L NaCl, pH 7.0) using asceptic technique (Sambrook,
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Fritsch et al., 1989). Cells were lysed using a French press, and ribosomes were isolated 
from the rest of the cell contents by extraction with a buffer consisting of 10 mM Tris- 
HC1, pH 7.6,10 mM MgAc, 60 mM NH4C1, and 7 mM p-mercaptoethanol followed by 
ultracentrifugation. rRNA was isolated from the ribosomes using a series of phenol, 
24:24:1 phenol:chloroform:isoamyl alcohol, and 24:1 chloroform:isoamyl alcohol 
extractions. The volume of the organic solvent used was equal to the volume of the 
ribosome solution. After addition o f the organic solution, the mixture was vortexed and 
the layers were separated by centrifugation. The aqueous layer was then decanted. The 
aqueous ribosome solution was subjected to the following extractions in the order listed: 
(1) one phenol extraction, (2) three 24:24:1 phenol:choloroforom: isoamyl alcohol 
extractions, (3) two 24:1 chloroform: isoamyl alcohol extractions. In addition, each 
organic layer was back extracted four separate times with an equal volume of the buffer 
used to dissolve the ribosomes. The RNA was then precipitated from the aqueous 
layers as follows: To the aqueous phase was added 1/3 volume of 10 M NH4OAc, 
followed by 3x volume of ice-cold ethanol to precipitate the ammonium salt (Stults and 
Marsters, 1991). Suspensions were stored at -20 °C overnight and then centrifuged at 
5000 RPM for 1 h. The liquid phase was then decanted and the pellet was dissolved in 
1-5 mL 10 mM Tris-HCl, 1 mM MgCl2, pH 7.6. Concentrations were determined as 
described below. 23S, 16S, and 5S rRNA were separated using a linear 5 to 40% 
sucrose gradient spun at 27000 RPM for 18 h on a Beckman (Fullerton, CA) 
ultracentrifuge using an SW 28 swing-bucket rotor. Sucrose solutions were prepared in 
10 mM Tris-HCl, 1 mM MgCl2, pH 7.6. The purity of the rRNA fractions was 
confirmed using gel electropheresis as described below.
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4.2.5 Agarose/formaldehyde gel electrophoresis
rRNA samples were analyzed using gel electrophoresis prior to and after RNase 
H cleavage. Electrophoresis was carried out on a  3 mm vertical formaldehyde/agarose 
gel. The running buffer was 20 mM 3-[N-morpholino]propanesulfonic acid (MOPS), 5 
mM NaOAc, 1 mM EDTA. 10-30 pg of sample was dissolved in 10 pL formaldehyde, 
5 pL water, and 5 pL sample buffer (80 mM MOPS, 20 mM NaOAc, 4 mM EDTA, 37 
% formaldehyde). Electrophoresis was carried out at 100 V for ~2 h. Gels were stained 
using 0.5 pg/mL ethidium bromide, and visualized using ultraviolet illumination.
4.2.6 RNase H cleavage of E. coli 16S rRNA
Two sets of RNase H cleavage reactions were carried out on E. coli 16S rRNA. 
The first set consisted of reaction 1. Reaction 1 was carried out in 20 mM HEPES, 100 
mM KC1, 10 mM MgCl2 , 0.1 mM DTT, pH 7.5. To 20 ODU of 16S rRNA were added
0.117 ODU each of chimera 3 and 4. The mixture was heated at 70 °C for 1 min and 
allowed to cool to 37 °C over 10 min. The rRNA and chimeras were allowed to 
hybridize at 37 °C for 10 min. 20 units of RNase H (Promega, Madison, WI) was then 
added to the mixture. The reaction mixture was allowed to incubate at 37 °C for 1 h 
(Brimacombe, Greuer et al., 1990). The second set of RNase H reactions consisted of 
reactions 2-4. Reaction 2 was carried out in 10 mM Tris-HCl, pH 7.5, 10 mM MgCb, 
25 mM NH4CI, and 0.25 mM DTT. To 1 ODU of 16S rRNA dissolved in 20 pL of the 
above buffer was added 0.06 ODU of chimera 4 and I U of RNase H. The reaction was 
allowed to incubate for 30 min (Baranov, Dokudovskaya e ta l., 1997). Reaction 3 was 
carried out in 50 mM Tris-HCl and 30 mM P-mercaptoethanol. To I ODU of RNA 
dissolved in 20 pL of the above buffer was added 2 pL of 4  M NaCl, and 0.06 ODU of
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chimera 4. The mixture was heated to 70 °C and held at that temperature for 1 minute. 
The mixture was cooled to 37 °C and held incubated at that temperature for 10 min. 4 
fiL of 50 mM MgCl2> 5 mM DTT and 1 U of RNase H were added to the reaction 
mixture, and incubated at 37 °C for45 min (Brimacombe, Greuer etal., 1990).
Reaction 4 was carried out in the same buffer described for reaction I above. To 1 
ODU of RNA dissolved in 10 pL of the reaction buffer was added 0.06 ODU of 
chimera 4 and 1 U of RNase H. The mixture was incubated at 37 °C for 1 h 
(Brimacombe, Greuer et al., 1990). After any of the above reactions, the products were 
isolated by adding an equal amount of phenol to the reaction volume and extracting the 
aqueous phase. To the aqueous phase was added 1/3 volume of NH4OAc, followed by 
3x volume of ice-cold ethanol to precipitate the ammonium salt (Stults and Marsters, 
1991). Suspensions were stored at -20 °C overnight and then centrifuged at 12,500 
RPM for 15 min. The liquid phase was decanted and the pellet was redissolved in 70% 
aqueous ethanol. The suspensions were once again stored at — 20 °C for a minimum of 
3 h and then centrifuged at 12,500 RPM for 15 min. The liquid phase was decanted and 
the pellet was lyophilized to dryness.
4.2.7 Isolation of 16S rRNA RNase H products using spin columns
The separation of the RNase H reaction products from reaction 1 was attempted 
using Microcon Microconcentrator spin columns obtained from Amicon (Bedford,
MA). The spin columns used had a molecular weight cut-off (MWCO) of 50,000 Da. 
The sample was added to the sample reservoir containing the molecular weight filter 
and placed in a 1.5 mL microcentrifuge tube. The assembly was centrifuged at 12,000 x 
g for 6  min. The retentate, which should contain any high mass fragments, was
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collected by inverting the filter and placing it in a new 1.5 mL tube. The assembly is 
spun at 1000 x g to recover the retentate. The filtrate, which should contain the lower 
mass fragments, was lyophilized to concentrate the sample. Both samples were diluted 
to 20 (iL and the concentrations were determined as described in section 4.2.3.
4.2.8 Isolation of 16S rRNA RNase H products using anion exchange HPLC 
Three separate anion exchange HPLC procedures were used to separate the 
RNase H reaction products. All HPLC separations were carried out on a Beckman 
(Fullerton, CA) System Gold instrument, and detection was achieved by monitoring 
UV-absorbance at 260 nm. The first procedure was carried out on a Nucleogen DEAE 
anion exchange column obtained from the Nest Group (Southboro, MA). Buffer A 
consisted of 25 mM TEAB, 20 % aqueous ACN, pH 6.4, and buffer B consisted of 1 M 
TEAB, 20% aqueous ACN, pH 7.6. Gradients were run from 0 to 100 %B in 100 min 
at a I mL/min flow rate. The other two procedures were carried out using a Hydrocell 
NS 1000 hydrophilic ion exchange column obtained from the Nest Group. The first of 
these two separations was carried out using the buffer system suggested by the 
manufacturer. Buffer A consisted of 25 mM 2 -[N-cyclohexylamino]ethanesulfonic acid 
(CHES), 0.5 M (NH4)2S0 4 , pH 8.0. The gradient was run from 0 to 100 %B in 100 min 
at a 1 mL/min flow rate. The last procedure used was based on an ammonium acetate 
buffer system (McLaughlin and Bischoff, 1987). Buffer A consisted of 0.5 M 
NH4 OAC, pH 4.5, and buffer B consisted of 2.3 M NH4 OAC, pH 5.3. The gradient was 
run from 0 to 100 %B in 540 min at a 0.5 mL/min flow rate. After collection, all 
fractions were lyophilized.
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4.2.9 Isolation of 16S rRNA RNase H products using reverse phase HPLC
Reverse phase HPLC separations were carried out using a Supelco (Bellefonte, 
PA) Nucleosil C18 column. The instrument used to carry out HPLC separations was a 
Beckman (Fullerton, CA) System Gold instrument Buffer A consisted of 0.05 M 
NH4OAC, and Buffer B consisted of 50 % aqueous ACN. The gradient was run from 0 
to 100 %B at 0.5 %/min and a flow rate of 0.5 mL/min. Detection was achieved by 
monitoring UV-absorbance at 260 nm. After collection, all fractions were lyophilized.
4.2.10 Polyacrylamide gel electrophoresis
Polyacrylamide gel electrophoresis of the RP-HPLC isolated product was 
carried out on a 0.7 mm vertical polyacrylamide/20% urea gel. The running buffer was 
0.1 M Tris borate, 0.05 M EDTA, pH 8 . Samples (1-10 |ig) were dissolved in 1:1 
watengel-loading dye. Gels were run at a constant voltage (1000 V) for 4-5 h. Gels 
were stained with Stains-All (Sigma, St. Louis, MO) solution and visualized under 
visible light.
4.2.11 Isolation of 16S rRNA RNase H products using agarose/formaldehyde gel 
electrophoresis
Agarose/formaldehyde gel electrophoresis was carried out on the reaction 
products as described above. Century Plus size markers (Ambion, Austin, TX) were 
used to determine the size of the reaction products. The band from the reaction lanes 
with a size corresponding to the expected 530 loop region was cut out of the gel using a 
razor blade. The sample was then eluted off the gel slice using a Mini-Electroeluter 
(BioRad, Hercules, CA). Electroelutions were carried out at 10 mA per sample tube for 
45 minutes using 20 mM MOPS, 5mM NaOAc, ImM EDTA as the elution buffer. The
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samples were then lyophilized, and the concentration determined as described in section 
3.2.3.
4.2.12 RNase T1 digestion of the Isolated RNase H cleavage product
-15-20 (ig dry RNA was dissolved in 50 mM Tris-HCl, pH 7.5,1 mM EDTA. 
To this mixture was added 10,000 U RNase T1 (25 units of enzyme correspond to the 
amount o f enzyme required to generate a change of 0.01 ODU in one minute) (Ambion, 
Austin, TX). The mixture was allowed to incubate at 37 °C for 30 min (Kowalak, 
Pomerantz et al., 1993).
4.2.13 Reverse phase HPLC separation of RNase T1 digestion products
HPLC separations were carried out on a Beckman (Fullerton, CA) System Gold 
instrument equipped with a UV detector set to monitor at 260 nm. Buffer A consisted 
of 25 mM TEAB, pH 6.0, and buffer B consisted of 40 % aqueous acetonitrile. The 
gradient used was 0 to 30 %B at 1 % per min. The flow rate was maintained at 1 
mL/min. The entire RNase T1 digestion mixture (60 pL) was injected for each ran.
The fractions were collected and identified using MALDI-MS as described below.
4.2.14 MALDI-MS
MALDI-MS analyses were carried out using a Perseptive Biosystems 
(Framingham, MA) Voyager linear MALDI time-of-flight mass spectrometer equipped 
with an N2  laser. The matrix used was a 2 : 1  mixture of 0.5 M 2,4,6- 
trihydroxy acetophenone:0.1 M diammonium hydrogen citrate. 1-2 pL of a 0.1-0.3 mM 
solution of the sample to be analyzed or 1-2 pL of the reaction mixture were mixed with 
3 pL of the matrix. 0.5 pL of this mixture was spotted on the sample plate for analysis.
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External calibration was carried out using either d(pA)s and d(pT)i6  or dTs and dT2o, 
except where noted in the text below.
The 16S rRNA RNase H products isolated by RP-HPLC were analyzed using a 
Perseptive Biosystems (Framingham, MA) Voyager Elite linear delayed extraction 
MALDI time-of-flight mass spectrometer equipped with an N2 laser. Samples were 
prepared as described above. Instrument parameters were as follows: accelerating 
voltage, -25 kV; grid voltage, 90.5%; guide wire voltage, 0.15%; extraction delay, 300 
ns. The matrix used was 5:1 0.5 M 3 -hydroxypicolinic acid (3-HPA):0.1M 
diammonium hydrogen citrate in 50 % aqueous acetonitrile. Cation exchange resin 
beads (BioRad, Hercules, CA) were added to the matrix solutions in order to reduce 
cation adduction. Sample concentrations were ~300 |iM. For analysis, the matrix and 
sample were mixed to generate matrix to analyte ratios of 10000:1. 0.5 (iL of this 
mixture was then spotted on the sample plate for analysis. Calibration was carried out 
using dT2o and dT3o-
4.3 Results and discussion
4.3.1 RNase H cleavage and  isolation of a  3 9 -m er oligonucleotide from E. coli 16S 
rRNA
43.1.1 RNase H cleavage
The first cleavage reaction (reaction 1) of E. coli 16S rRNA was carried out 
using chimeras that were chosen such that cleavage would occur at regions on the 3’- 
and 5’- sides of the 530 loop. The first chimera (chimera 3) was used to direct the 
cleavage to the 5’-side of the 530 loop. It is complementary to nucleotides 491-497 on 
the 16S rRNA molecule, and it directs cleavage between nucleotides 494 and 495. The 
second chimera (chimera 4) is complementary to nucleotides 528-534 on the 5’-side of
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the 530 loop and directs cleavage between nucleotides 534 and 535. The area that is 
expected to be cleaved out corresponds to nucleotides 495-534 which consists of the 
following sequence: 5 ’ -AAGAAGCACCGGCUAACUCCG'FGCC AGC AGCC- 
m7GCGGUAAU-3 ’. This first reaction was aimed at generating a product (Mr = 
12,949) containing the 530 loop o f a size that is amenable to direct mass spectrometric 
analysis.
The cleavage of 16S rRNA did not seem to be as sensitive to reaction conditions 
as was the cleavage of the oligoribonucleotide hairpin described in Chapter 3. In fact, 
the protocol which resulted in the most efficient cleavage (Brimacombe, Greuer et aL, 
1990) required substantially less amounts of the chimeric oligonucleotides than was 
required for the hairpin cleavage. Although cleavage was obtained using similar 
conditions as those used for the hairpin cleavage, the method described in the 
experimental section was determined to be the optimum procedure due to the low 
consumption of chimera and enzyme. The reaction products were first analyzed using 
gel electrophoresis. A typical electropherogram is shown in Figure 4.1. Lane 1 
contains a marker consisting o f both E. coli I6 S and 23S rRNA. Lane 2 contains the 
purified 16S rRNA used in the cleavage reactions. Lane 3 contains a sample of 
unpurified 23S rRNA. Lane 4 contains the RNase H reaction products. As can be seen, 
there is a complete loss of the 16S band indicating that cleavage of this molecule has 
indeed occurred. In addition, there are now two new bands present. If cleavage is 
occurring at the expected sites on the 16S rRNA molecule, then these bands should 
correspond to the pieces of 16S rRNA to the 5’ and 3’-side of the 530 loop. The 530 
loop region itself is not visible in this electropherogram because the technique is not
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1 2  3 4
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16S rRNA-
Figure 4.1 Agarose/formaldehyde gel electropherogram o f (1) E. coli 16S 
and 23S rRNA marker; (2) purified E. coli 16S rRNA; (3) impure E. coli 
23S rRNA; (4) RNase H cleavage products o f E. coli 16S rRNA using 
chimeras 3 and 4 (arrows indicate location o f product bands).
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amenable to visualization of such small oligonucleotides due to the inefficiency of 
ethidium staining of smaller oligonucleotides.
43.1.2 Isolation and purification of RNase H cleavage products
The major challenge in this portion of the work was the isolation of the 530 loop 
region. At first, isolation was attempted using Microcon™ Microconcentrator spin 
columns as described in the* experimental section. The spin columns essentially work 
on the principle of nitration. Spin columns are selected based on the size of the 
molecule to be isolated. In this case, a filter with a molecular weight cut-off (MWCO) 
of 50,000 was used to separate the larger pieces of rRNA from the 530 loop. The 
filtrate would presumably contain the desired region. However, analysis of the filtrate 
never revealed the presence of any RNA, although the concentrate did contain the larger 
fragments as determined by gel electrophoresis.
The most efficient method of separation was HPLC. The various gradient and 
buffer systems described in the experimental section for both reverse phase and anion 
exchange HPLC were tested for optimum separation conditions. The different 
separation conditions were first tested with E. coli tRNALeu' \  an 87-mer with an 
approximate molecular weight of 25,800 u. When any of the AE-HPLC methods were 
used, the tRNA did not appear to elute off the column. The optimum separation system 
was RP-HPLC. Figures 4.2 and 4.3 are typical chromatograms obtained for separation 
of tRNA and the RNase H reaction products, respectively. Peak 1 in Figure 4.3 has a 
retention time lower than that of tRNALeu*1. Therefore, this product must be smaller 
than an 87-mer. It is expected that this peak contains the 39-mer. Peak 3 in Figure 4.3 
should contain the larger portions of RNA resulting from the 16S cleavage, but this
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Figure 4.2 Characteristic RP-HPLC chromatogram of tRNALe“' 1. HPLC 
conditions: Buffer A, 0.05 M ammonium acetate; Buffer B, 50 % aqueous 
acetonitrile; gradient, 0 to 100 %B at 0.5%/min; flow rate, 0.5 mL/min.
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Figure 4 3  Characteristic RP-HPLC chromatogram o f the RNase H cleavage 
products from E. coli 16S rRNA from reaction 1. HPLC conditions: Buffer A, 
0.05 M ammonium acetate; Buffer B, 50 % aqueous acetonitrile; gradient, 0 to 
100 %B at 0.5%/min; flow rate, 0.5 mL/min.
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assumption could not be confirmed by gel electrophoresis due to the small amount of 
sample. Peak 2 was not identifiable. After lyophilization and reconstitution of peak 2, 
analysis of the sample using UV-absorption reveals that the reconstituted solution no 
longer has an absorbance at 260 nm. This would indicate that peak 2 is some volatile 
component of the reaction mixture which is evaporated during lyophilization.
43.13 Analysis of the isolated RNase H product
The expected m/z value of the product resulting from RNase H cleavage of 16S 
rRNA is 12,949. Figure 4.4 is a DE-MALDI-TOF mass spectrum of peak I from 
Figure 4.3. The peak labeled with an * in Figure 4.4 has an m/z value of 13,087 and is 
approximately 700 u wide. The difference between the expected and predicted values is 
over 100 u. This difference may be due to one of two factors. First, it may be that the 
sequence isolated differs from the sequence that was expected to be isolated. Secondly, 
the peak in the mass spectrum is quite broad, indicating that cation adduction may be 
causing a shift to higher m/z values. To determine which of these two factors is 
responsible for the difference in mass, the first step that must be carried out is 
“desalting” of the sample. The buffers used for the RNase H reactions contain 
relatively high concentrations of potassium and magnesium. The large number of 
negative charges along the phosphate backbone of oligonculeotides and nucleic acids 
results in a large degree of Coulombic strain. In solution, this strain is relieved by the 
presence of solvent molecules. In the gas phase, however, the lack of solvent molecules 
results in the sequestering of cations such as K* and Mg2* to relieve this strain. This 
adduction results in a shift to higher m/z values, broader peaks, and a loss of sensitivity 
as the ion current is now shared over a large number of m/z values. To reduce salt
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Figure 4.4 Representative negative ion delayed extraction MALDI-TOF mass spectrum of peak 1 in Figure 4.3. 
The matrix used was 5:1 0.5 M 3-HPA:0.1 M diammonium hydrogen citrate.
adduction, the sample was re-chromatographed using the same conditions used to 
isolate it (Figure 4.5). As can be seen from the chromatogram in Figure 4.5, the peak 
for the sample appears to be split. The collected fraction was analyzed by DE-MALDI- 
TOF-MS, and the resulting spectrum is shown in Figure 4.6. As can be seen from the 
spectrum, there are a number of species present in the sample, none of which 
correspond to the expected m/z. These peaks may result from oligonucleotides 
generated by either non-specific cleavage, or degradation of the sample. It is also 
unclear whether any of the peaks present in the spectrum may correspond to other 
contaminants, such as proteins.
To attain a greater understanding as to the identity of the peaks in Figure 4.6, the
sample was analyzed using polyacrylamide gel electrophoresis. The resulting
electropherogram is shown in Figure 4.7. As can be seen in this figure, the data was
inconclusive. The lanes for the sample at three different concentrations were severely
smeared, indicating the presence of large amounts of salt and/or other contaminants.
4.3.2 RNase H cleavage and isolation of a 534-mer oligonucleotide from E. coli 16S 
rRNA
4.3.2.1 RNase H cleavage
The isolation of a short oligonucleotide from 16S rRNA proved to be difficult. 
The primary obstacle in the isolation of the product was the extreme differences in size 
between the desired product and the other products formed during cleavage. For 
example, agarose/formaldehyde gel electrophoresis is not amenable to the isolation or 
analysis of the short product, while polyacrylamide gel electrophoresis and HPLC 
cannot be used for the larger samples. Therefore, none of the above techniques can 
adequately handle a mixture of components with such drastic differences in size.
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Figure 4.5 Characteristic RP-HPLC chromatogram of the second HPLC 
purification o f the RNase H cleavage products (peak 1 in Figure 4.3) from E. 
coli 16S rRNA from reaction 1. HPLC conditions: Buffer A, 0.05 M 
ammonium acetate; Buffer B, 50 % aqueous acetonitrile; gradient, 0 to 100 %B 
at 0.5%/min; flow rate, 0.5 mL/min.
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Figure 4.6 Representative negative ion DE-MALDI-TOF mass spectrum of the re-chromatographed product 
from reaction 1 of E. coli 16S rRNA. The matrix used was 5:1 0.5 M 3-HPA:0.1 M diammonium hydrogen 
citrate.
Figure 4.7 Denaturing 20 % urea polyacrylamide gel electropherogram of:
(1) 1.25 pg each of tRNAVaUl and a 33-mer RNA oligonucleotide; (2) 2.5 pg 
each of tRNAVaM and a 33-mer RNA oligonucleotide; (3) 5 pg each of 
tRNAVaM and a 33-mer RNA oligonucleotide; (4) 10 pg each o f  tRNAVaM and 
a 33-mer RNA oligonucleotide; (5) 360 pg isolated RNase H product from 
reaction 1; (6) 180 pg isolated RNase H product reaction 1; (7) 90 pg isolated 
RNase H product reaction 1; (8) 36 pg isolated RNase H product reaction 1.
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Because the isolation of the product from reaction 1 was extremely difficult, a 
new approach was taken to isolate the 530 loop. Instead of generating a small product 
for direct mass spectrometric analysis, the alternate procedure involves the generation 
of a larger product that can be separated using agarose/formaldehyde gel 
electrophoresis. The band corresponding to the desired product is then excised, and the 
sample is recovered using electroelution. Subsequent characterization of the sample is 
accomplished by RNase T1 digestion of the sample followed by MALDI-MS analysis 
of the HPLC-purified Ti fragments. Comparison of the experimentally determined 
masses of the RNase T l fragments to those predicted will be used to confirm the 
sequence of the isolated product.
The chimeras used for the RNase H reactions are designed such that they are 
complementary only to the desired section of 16S rRNA. Analysis of the chimeras 
using the Match Probe on-line analysis on the ribosomal RNA Database Project website 
(http://www.cme.msu.edu/RDP/analyses.html) confirms that these chimeras are not 
complementary to any other regions of E. coli 16S rRNA, nor are they complementary 
to any regions of 23S rRNA. The following sets of reactions, therefore, were carried 
out on an E. coli MRE 600 16S, 23S rRNA size marker obtained from Boehringer- 
Mannheim (Indianapolis, IN). Reactions 2-4 employed only one chimera, chimera 4, 
which is expected to yield two products. The first product (which contains the 530 
loop) is complementary to nucleotides 1-534, and the second product consists of 
nucleotides 535-1542. Figure 4.8 is a gel electropherogram of the products from 
reactions 2-4. Lanes 1,2, and 3 correspond to the products from reactions 4 ,3 , and 2, 
respectively; lane 4 corresponds to a size marker; and lane 5 corresponds to the
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Figure 4.8 Agarose/formaldehyde gel electropherogram of the RNase H 
products of 16S rRNA resulting from cleavage using chimera 4. Lanes: (1) 
RNase H products from reaction 4; (2) RNase H products from reaction 3; 
(3) RNase H products from reaction 2; (4) size markers; (5) 16S, 23S rRNA 
marker. Arrows indicate location o f product bands in reaction lanes.
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unreacted marker. The expected products are 534 and 1008 nucleotides long. As can 
be seen in Figure 4.8, there appear to be products in these two size ranges for all three 
reactions. From the gel electropherogram, it is apparent that all three reactions 
generated products with migrations similar to the expected products. It is difficult to 
ascertain from the figure, however, whether any one reaction generated a larger amount 
of product than the others, due to differences in loading. Because all three reactions 
generated product, and because the reaction time required for reaction 2 was smaller 
than for the other two reactions, the conditions described for reaction 2 were used to 
carry out a number of cleavage reactions of the 16S, 23S rRNA marker.
4.3.2.2 Isolation and characterization of the RNase H cleavage products
For each of the cleavage reactions, the products were electrophoresed and the 
534-mer band was excised and electroeluted. The combined samples (-15-20 jig) were 
then subjected to RNase T1 digestion. The RNase T1 fragments were then separated 
using RP-HPLC (Figure 4.9). As can be seen from Figure 4.9, there are a large number 
of fractions present in the sample, and the resolution between peaks in the 
chromatogram is very poor. Table 4.1 lists the expected RNase T1 fragments for the 
534-mer product and their corresponding m/z values. From Table 4.1, it is apparent that 
a number of the expected RNase T1 fragments are not only similar in terms of m/z 
value, but also in nucleotide components. For this reason, and because of the large 
number of expected fragments, the effective separation of all the components of the 
RNase T1 mixture is difficult. Each fraction was collected and analyzed by MALDI- 
MS. The resulting spectra revealed that each peak in the chromatogram corresponded 
to a mixture of components. The fractions collected prior to 22 min (fractions 1-14)
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Figure 4.9 RP-HPLC chromatogram of the RNase T1 fragments of the E. coli 16S rRNA 534-mer product isolated 
from RNase H reaction 2. The HPLC conditions were as follows: buffer A = 25 mM TEAB, pH 6.4; buffer B = 40 
% aqueous acetonitrile; gradient = 0 to 100 %B at 1 %/min; flow rate = 1 mL/min.
Table 4.1 Predicted RNase T1 fragments and their corresponding m/z values of the 
534-mer product resulting from reaction 2. Sequences in bold represent those 










Gp 362.2 UAACGp 1632.0
CGp 667.4 AACUGp 1632.0
UGd 668.4 UAAUGp 1633.0
T G d 668.4 AUUAGp 1633.0
AGp 691.4 CCm7GCGp 1637.0
CCGd 972.6 AAACGp 1655.0
CUGd 973.6 UAAAGp 1656.0
UCGd 973.6 CCUUCGp 1890.1
UUGd 974.6 CCAUCGp 1913.1
CAGd 996.6 AUCAUGp 1938.2
ACGd 996.6 UAACAGp 1961.2
AUGp 997.6 AAACUGp 1961.2
UAGd 997.6 AAAUUGp 1962.2
AAGp 1020.6 CCUCUUGp 2196.3
CCUGp 1278.8 ACCUUCGp 2219.3
CUUGp 1279.7 UUACCCGp 2219.3
UCUGp 1279.7 CUCAUUGp 2220.3
UUUGp 1280.7 AUCCCUAGp 2243.3
UAAUp 1287.8 CAUAACGp 2266.4
CCAGp 1301.8 CACAAUGp 2266.4
CUAGp 1302.8 AAUAUUGp 2268.4
AUUGp 1303.8 ACCAAAGp 2289.4
UAUGp 1303.8 CCACACUGp 2547.5
AACGp 1325.8 UUAAUACCU 2839.7
CAAGp 1325.8 CUCACCUAGp 2853.7
CCCAGp 1607.0 ACUCCUACGp 2853.7
CACCGp 1607.0 CUAACUCCGp 2853.7
CUCAGp 1608.0 UACUUUCAGp 2855.7
UCCAGp 1608.0 CUAAUACCGp 2877.7
CCAUGp 1608.0 CUUCUUUGp 2878.6
ACCAGp 1631.0 AUAACUACUGp 3207.9
ACACGp 1631.0 CCUAACACAUGp 3512.1
t m7G = 7-methyl-guanosine; *F =  pseudouridine
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contained species with m/z values higher than those expected for the RNase T1 products 
of the 534-mer, although fraction 6 contained 2 species whose m/z values correspond to 
expected fragments (m/z -970 and -1278). The fractions that were collected after 22 
min contained a large number of oligonucleotides whose m/z values correspond to 
expected sequences. Figure 4.10 contains two examples of spectra acquired in this 
region. Figure 4.10a-b are fhe MALDI-TOF mass spectra of fraction 19 and 20, 
respectively. These two spectra are the typical spectra that were acquired for each of 
the fractions. As can be seen in the spectra, both fractions contain a number of peaks.
In these spectra the fragments at m/z 660.2 in Figure 4.10a and m/z 1638.6 in Figure 
4 .10b correspond to the predicted values for 'FGp and CCm7GCGp (assuming base loss 
for m7G has not occurred). However, from Table 4.1, it can be seen that a number of 
other fragments may also correspond to these m/z values. Unfortunately, the only 
sequences that have unique m/z values (i.e., the m/z values would not correspond to any 
fragments generated at any other regions of 16S rRNA) are AUAACUACUGp and 
CCUAACACAUGp, which were not detected.
It is difficult to ascertain from the data obtained here whether specific cleavage 
of the desired region is occurring. The presence of other species with m /z values that do 
not correspond to the predicted fragments may be an indication that non-specific 
cleavage may be occurring. In addition, there are some predicted fragments whose m/z 
values do not correspond to any of the experimentally determined values, such as 
AUAACUACUGp and CCUAACACAUGp which would confirm that the correct 
region has been isolated. These fragments may actually be present in the reaction 
mixture, but may not have been present in a sufficient amount to be detected during
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Figure 4.10 Negative ion  MALDI-TOF mass spectra o f (a) fraction 19, and 
(b) fraction 20 from Figure 4.9. The matrix used was 2:1 25 mg/mL 
THAP:diammonium hydrogen citrate.
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either HPLC separation or mass spectrometric analysis. However, once the necessary 
optimizations are made to the purification procedure of the RNase T1 fractions, the 
cleavage of a larger section of 16S rRNA rather than a small oligonucleotide followed 
by isolation using agarose/formaldehyde gel electrophoresis should be a more viable 
method for isolating the reaction products.
4.4 Conclusions
In this section, the various conditions required for RNase H cleavage and 
subsequent product purification of E. coli 16S rRNA were explored. Using the 
methodology described in Chapter 3 for specific RNase H cleavage of 
oligoribonucleotides, RNase H cleavage using chimeric oligonucleotides was carried 
out on 16S rRNA. At first, the chimeras were designed such that the region to be 
isolated was a 39-mer oligonucleotide which can be directly analyzed using mass 
spectrometry to obtain a molecular weight measurement. Separation of this comparably 
small oligonucleotide from the larger fragments of 16S rRNA remaining after RNase H 
reaction, however, was difficult. Agarose/formaldehyde gel electrophoresis could not 
be used to isolate the desired 39-mer product, and the presence of the larger products 
interfered with the isolation of the smaller product using polyacrylamide gel 
electrophoresis, spin columns, and HPLC. The most efficient means of separation was 
found to be RP-HPLC. DE-MALDI-MS analysis of the fraction which was expected to 
contain the desired region revealed that this fraction contained a number of components, 
none of which corresponded to the m /z value of the expected product.
Rather than isolate a small oligonucleotide, an alternate set of conditions was 
used such that the region to be isolated was a 534-mer. In this case, only two products
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of comparable size are generated. To isolate the 534-mer product, the RNase H reaction 
mixture was separated on an agarose/formaldehyde gel, and the band corresponding in 
size to the desired region was excised. The excised bands were analyzed by RNase T1 
digestion followed by MALDI-MS analysis. Prior to mass spectrometric analysis, the 
RNase T1 fragments were separated using RP-HPLC. The MALDI-MS analyses 
indicated that separation of the fragments was not occurring, as each fraction contained 
a number of species. Comparison of the experimentally determined m/z values to those 
expected for the RNase T1 fragments from this region cannot confirm that selective 
cleavage is occurring due to the presence of species whose m/z values do not correspond 
to those predicted for the region being isolated. In addition, the two sequences that 
would indicate that cleavage of the correct region has occurred were not detected in any 
of the RNase T1 fractions. Although it appears that some degree o f non-specific 
cleavage is occurring, the agreement between the experimentally measured m/z values 
and those expected for a majority of the fragments, as well as the presence of a band in 
the agarose/formaldehyde gel electropherogram corresponding in migration to the 
expected product, indicates that the correct region is most likely being isolated, even 
though other fragments resulting from non-specific cleavage may be present.
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CHAPTERS. CONCLUSION
5.1 Summary
The goals of this work can be divided into two major headings. The first goal 
was to determine the conditions for CMC derivatization and subsequent purification of 
RNA that would allow the analysis of the derivatized product by mass spectrometry. 
The second goal was to determine the conditions necessary to generate RNase H 
cleavage of 16S rRNA, and to characterize the products to determine whether or not 
selective cleavage is occurring. To accomplish these goals, three sets of experiments 
were conducted.
The first set of experiments were aimed at determining the conditions necessary 
for the mass spectrometric analysis of CMC-derivatized nucleic acids and 
oligonucleotides, which is a necessary step in the determination o f'P  residues in RNA 
using mass spectrometry. The various protocols involved in derivatizing and analyzing 
'F-containing samples were developed using E. coli tRNA^ ' 1 which is known to 
contain a single *P residue. Analysis of the reaction sample using polyacrylamide gel 
electrophoresis revealed the presence of three species. The first species had a slower 
migration than the unreacted sample, the second species had the same migration as the 
unreacted sample, and the third species migrated faster than the unreacted sample. It is 
possible that the third species is a decomposition product as a result of exposure to pH
10.4 buffer for 4 h. The expected mass shift due to the presence of one CMC group on 
the tRNA is 253 u. Analysis of the derivatized product by MALDI-MS indicates that, 
after reaction, the mass of the tRNA shifted by 245 u. The difference between the 
expected and experimentally determined mass shift, 3 %, is within the experimental
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error of the instrumentation used for these measurements. Due to the broad peak 
observed for the derivatized sample it was difficult initially to ascertain if the peak 
represented one species with a large amount of cation adduction, or if the peak was 
composed of more than one species as was seen in gel electrophoresis. The use of salt 
reduction techniques, however, resulted in a decrease o f peak width, but did not change 
the observed m/z value. The consistent m/z value suggests that the mass shift is not due 
to cation adducts, but is due to derivatization of the tRNA by CMC. The sample was 
further analyzed by ESI-MS to confirm the mass shift detected during MALDI-MS 
analysis. A spectrum for the derivatized sample was obtained which revealed the 
presence of two species. One species corresponded to the unreacted tRNA molecule, 
while the second species had a mass value that was shifted by 277 u from the unreacted 
sample. Taken together, these three sets of data (polyacrylamide gel electrophoresis, 
MALDI-MS, and ESI-MS) demonstrate that CMC derivatization is occurring. 
Furthermore, from the mass spectrometric data, it is apparent that the derivatization 
results in the addition of only one CMC group on the molecule. Although it cannot be 
confirmed from the approach utilized here that the CMC group is actually on 'FSS, the 
fact that only one group is present in the derivatized product, in conjunction with the 
results from previous studies (Bakin and Ofengand, 1993; Ho and Gilham, 1971), 
would indicate that this is the most likely position for the CMC group.
The second set of experiments that were carried out in this work involved the 
analysis of RNase H cleavage products using mass spectrometry. Because the majority 
of posttranscriptional modifications in rRNA occur at conserved regions, it is more 
efficient to screen selected regions rather than the entire molecule. The 530 loop of E.
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coli 16S rRNA is one such region. RNase H is an endonuclease which cleaves RNA at 
regions hybridized with a DNA oligonucleotide. The specificity of the cleavage, 
however, has been shown to vary depending on the source of the enzyme (Hogrefe, 
Hogrefe et al., 1990; Eder, Walder et al., 1993; Lapham, Yu et al., 1997), as well as the 
structure of the hybridized oligonucleotide (Inoue, Hayase et al'., 1987). By using an 
oligoribonucleotide hairpin as a model, it was determined in this work that chimeric 
oligonucleotides consisting of a DNA tetramer flanked on either side by three T -O - 
methyl-ribonucleotides directed RNase H cleavage to only one point on the hairpin at 
both single-stranded and double-stranded regions. The specificity of the reaction was 
ascertained by comparing the experimentally measured m/z values for the products 
generated to those expected for the specific cleavage of the oligoribonucleotide.
The third set of experiments described in this work investigated the various reaction 
and purification conditions required to specifically cleave, isolate, and characterize a 
region o f 16S rRNA. Using chimeric oligonucleotides, cleavage of E. coli 16S rRNA 
was carried out. At first, the isolation of a small oligonucleotide (39-mer) was 
attempted, but it was found that the separation and purification of such a small product 
from the larger products generated during cleavage was difficult. Therefore, the 
cleavage conditions were modified to generate two products, a 534-mer and a 1000- 
mer, which are more comparable in size, and can be separated using 
agarose/formaldehyde gel electrophoresis. The band corresponding in migration to the 
desired product was then excised from the gel. The excised band was then subjected to 
RNase T1 digestion. The resulting fragments were isolated using RP-HPLC. Although 
subsequent analysis of the fractions using MALDI-MS indicated that a number of the
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experimentally determined m/z values did not correspond to those predicted for the 
expected fragments of this region, a large portion of the experimentally determined 
values did correspond to products that would be generated during RNase H cleavage of 
this region.
The work presented here demonstrates the use of mass spectrometry as a tool for 
characterizing oligonucleotides generated by endonuclease digestions, as well as the 
first example of mass spectrometry to determine the specificity of RNase H cleavage 
reactions. In addition, this work demonstrates the ability to analyze CMC-derivatized 
nucleic acids using mass spectrometry.
5.2 Future experiments
A number of future experiments must be carried out to optimize the reaction and 
purification conditions described for CMC derivatization, as well as to characterize the 
region of 16S rRNA isolated by RNase H cleavage. The proceeding sections list in 
outline form the next set of experiments that should be completed.
5.2.1 Determination of residues in tRNA
5.2.1.1 Gel electrophoretic analysis of CMC derivatized samples
The gel electrophoresis data indicates that three species are present, as opposed to 
the two detected by ESI-MS. It may be that the sample used for the gel electrophoresis 
analysis decomposed after CMC derivatization, but it is necessary to ascertain that the 
currently employed reaction conditions are not contributing to the decomposition. This 
possibility can be tested by the following experiments:
•  A control experiment should be carried out in which the tRNA sample is 
exposed to the same reaction conditions used for CMC derivatization, but 
omitting CMC in the reaction steps. The control sample can then be analyzed
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using polyacrylamide gel electrophoresis. If the lane containing the sample 
contains more than a single band corresponding to the migration for the intact 
sample, this would indicate that the cause of decomposition is a direct result of 
the reaction conditions. On the other hand, if only one band corresponding to 
the intact sample is observed, this would indicate that the decomposition 
observed may be due to sample handling after the reaction was carried out.
•  The time of exposure to the pH 10.4 buffer should be varied. If exposure to 
alkaline conditions is resulting in decomposition, then exposure for shorter times 
should result in a loss of the band corresponding to the decomposition product 
Likewise, exposure for longer periods of time should result in an 
electropherogram containing a larger number of decomposition products.
• Because there is also a band present for the unreacted sample in the reaction 
lanes, an experiment should be carried out in which the sample is allowed to 
react with CMC for longer periods of time. Reaction for longer periods should 
result in the disappearance of the band for the unreacted sample.
5.2.1.2 Mass spectrometric analysis of CMC derivatized samples
Future experiments in this section will involve the optimization of analysis of the 
intact tRNA sample as well as the derivatized RNase T1 fractions.
•  Additional sample purification and/or new matrix/co-matrix mixtures (for 
MALDI-MS) may improve the quality of the mass spectral data. In particular, a 
decrease in peak width will allow one to obtain a more accurate m/z 
measurement.
•  In the case of ESI-MS, the resolution of two species was possible, but the 
effects of cation adducts are still present as evidenced by the difference in
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expected and experimentally determined molecular weight of the unreacted 
tRNA. In this case, varying the concentrations of the additives (TEA and 
CDTA), as well as carrying out multiple ammonium precipitation steps as 
opposed to only one, may help reduce cation adduction.
•  In the case where the RNase T1 fragment believed to contain is analyzed, 
further studies need to be carried out to determine efficient purification steps for 
the CMC-derivatized sample. For example, the HPLC purification of the 
derivatized fragment was only carried out using RP-HPLC. The purification o f 
the sample using AE-HPLC should be investigated. In addition, other methods, 
such as affinity chromatography, can be examined.
•  The investigation of alternate solvents for the derivatized RNase T1 sample 
may also aid in facilitating co-crystallization with the matrix. In addition, other 
matrices should be investigated. The matrices used in this study consisted of 
acidic matrices. It is possible that the use of a basic matrix may allow for co­
crystallization of the sample with the matrix. The use of different matrices and 
solvent conditions can help indicate whether or not co-crystallization of the 
sample and matrix is the actual limitation in analyzing these samples by 
MALDI-MS.
•  The derivatized RNase T l sample should be subjected to further 
characterization. As described in the discussion, analysis by ESI-MS resulted 
in a peak with m/z 613 which did not correspond to any expected products or 
fragments thereof. Further characterization could involve MS/MS studies in 
which the sample is fragmented and analyzed to determine if the sample
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consists of a modified nucleotide or some other non-nucleotide-containing 
species.
•  Although the data suggests that only one CMC group remains on the tRNA 
after hydrolysis, it is not clear that this group is indeed on *F55. To determine 
the location of the CMC group, further analysis of the sample must be carried 
out. One method that should prove efficient is cleavage with 3’-exonucleases. 
The presence of the CMC group inhibits 3’-exonuclease digestion. The 
presence of the CMC group on *¥55 can then be ascertained by comparing the 
experimentally measured m/z value for the exonuclease product to the expected 
m/z value for the portion of the tRNA molecule through 'P55.
5.2.2 Isolation of specific regions of rRNA using RNase H cleavage
To verify that the RNase T1 fragments that were found during this study truly 
correspond to the 530 loop region, a number of steps must be carried out.
•  The isolation of the 534-mer must be optimized to generate a larger amount 
of sample for analysis.
•  The RP-HPLC conditions for the separation of the RNase Tl fragments must 
be optimized. Anion-exchange HPLC to separate fragments of varying 
length should also be carried out. During the course of this work, difficulties 
were encountered using AE-HPLC, but these may be due to a number of 
factors, such as column condition. However, previous studies have used 
AE-HPLC to separate RNase T l fragments, and this purification procedure 
should be investigated (Bakin, Kowalak, et al., 1994).
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•  Verification of the sequences of the RNase T l fragments should be carried 
out using exonuclease digestion.
•  Further verification of the sequence of the isolated region can be 
accomplished by generating RNase A fragments of the product. RNase A 
will generate fragments terminating in pyrimidine residues. This will 
generate a second set of fragments whose experimentally measured m/z 
values can be compared to those expected. The fragments found for RNase 
A cleavage, cross-checked with the fragments found RNase T l digestion, 
will provide further verification of the sequence isolated.
Once the above steps are completed, the conditions for reaction and purification 
of CMC and RNase H reaction products should be optimized such that these techniques 
may be applied to screen regions o f rRNA for posttranscriptional modifications. This 
methodology would then provide a powerful tool for the determination and sequence 
localization of posttranscriptional modifications, particularly
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AE-HPLC anion exchange high performance liquid chromatography
BSA bovine serum albumin
C cytidine
cDNA complementary deoxyribonucleic acid




CPG controlled pore glass
DEAE diethylaminoethyl-
DE-MALDI-TOF-MS delayed extraction matrix-assisted laser/desorption




ESI-FTICR-MS electrospray ionization Fourier transform ion cyclotron
resonance mass spectrometry 




HPLC high performance liquid chromatography
LB media Luria-Bertani media








MWCO molecular weight cut-off
NaOAc sodium acetate
NH4 OAC ammonium acetate
ODU optical density unit
PTC peptidyl transferase center
RNA ribonucleic acid
RNase A pancreatic ribonuclease
RNase H ribonuclease H
RNase T l ribonuclease T l
RP-HPLC reverse phase high performance liquid chromatography
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SVP snake venom phosphodiesterase
TEA triethylamine
TEA, 3HF triethylamine trihydrofluoride
TEAB triethylammonium bicarbonate
THAP trihydroxyacetophenone
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